The electrodeposition and characterisation of compositionally modulated tin-cobalt alloy coatings as lead-free plain bearing material by Yi (Materials) Zhang (7124390)
 
 
 
This item is held in Loughborough University’s Institutional Repository 
(https://dspace.lboro.ac.uk/) and was harvested from the British Library’s 
EThOS service (http://www.ethos.bl.uk/). It is made available under the 
following Creative Commons Licence conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
THE ELECTRODEPOSITION AND CHARACTERISATION OF
COMPOSITIONALLY MODULATED TIN-COBALT ALLOY
COATINGS AS LEAD-FREE PLAIN BEARING MATERIAL
by
YIZHANG
BSe (SHANGHAI), MSe (NOTTINGHAM)
A Doctoral Thesis
Submitted in partial fulfilment of the requirements
for the award of
Doctor of Philosophy of Loughborough University
November 2008
Supervisor: Dr. G D. Wilcox
Department of Materials
Loughborough University
Sponsor:
Dana Glacier Vandervell Bearings Co. Ltd.
© Yi Zhang (2008)
SYNOPSIS
Traditionally, lead-based bearing overlays dominate the commercial automotive
market and it has been proven that an excellent combination of properties can be
attained through their use. However, lead is a toxic metal and a cumulative poison in
humans. According to the European Union End-of-Life Vehicle (ELV) Directive
proposed in 1997, vehicles that registered in'all the member states after 1st July 2003
should contain no lead, mercury, cadmium and hexavalent chromium. In this study, a
new sulphate-gluconate electrolyte was used to produce multilayer SnCo coatings,
aimed at a lead-free overlay for future market use.
Tin-cobalt compositionally modulated alloy (CMA) coatings produced from sulphate-
gluconate electrolytes have been previously examined as a potential replacement for
lead-free bearing overlays [1]. However, some obstacles may exist which limit their
potential use on an industrial scale. For example, long electroplating times are
required to produce a thick coating which is very undesirable from an industrial
viewpoint, and also the possible elemental interdiffusion occurring in the coating
system under engine operating temperatures could rapidly deteriorate the coating
properties. In addition, there is an increasing demand from automotive industry to
further improve bearing overlay properties, for example for high performance and
high compression ratio engines.
With the problems and requirements for the tin-cobalt overlays noted above, further
investigations and improvements were carried out in four areas during this project:
1. Existing solution evaluation
This process was designed to optimise the electrodeposition conditions under which
the bearing overlay could be produced with the best possible surface appearance and
composition as well as high cathode current efficiency.
II
2. Large-scale industrial production feasibility study
The purpose of the large-scale production feasibility study was to assess the prospects
for increasing the scale of the current electrolyte, and more importantly, identify any
disadvantages which may affect its future industrial application.
3. Diffusion characterisation
The interdiffusion between the substrate and the two overlay elements, Sn and Co,
was investigated at a simulated internal combustion engine operating temperature.
4. Mechanical properties investigation
This section of the investigations was introduced to establish the relationship between
eletrodeposition operating conditions, overlay microstructure and subsequent
properties.
Keywords: compositionally modulated alloy coating (CMA), plain bearing,
electrodeposition, scale-up, agitation, diffusion, mechanical property.
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CHAPTER!
INTRODUCTION
1.1 Plain bearings
Plain bearings are important engineering components in automotive engines and they
are designed to minimise wear and friction created between two surfaces that are in
relative motion. Any bearing in which a load is transmitted between relative moving
parts in sliding contact without balls or rollers comes under the broad definition of a
plain bearing. During the last century, the developments of the internal combustion
engine lead to high property requirements for plain bearings. These included, for
example, high fatigue strength, good surface properties and good corrosion resistance
[2-5].
In order to satisfy increased engine demands, the modern plain bearing usually adopts
a complex structure. Generally, there is a steel backing which provides adequate
support for the external load. Over this, a lead-bronze or aluminium lining coupled
with an electroplated overlay offer good surface properties (Fig. 1.1) [1].
Traditionally, lead-based overlays dominated the commercial market and it has been
proven that an excellent combination of properties can be attained through their use
[2-3]. However, lead is a toxic metal and a cumulative poison in humans. Therefore,
there are on-going developments, amongst engine plain bearing suppliers, aimed at a
lead-free overlay for future market use. So far there are some substitutes available, but
none of them have reached serious industrial production".
• At the time of writing this thesis, some tin-based overlays from different bearing manufacturer are available on market
Fig. 1.1 Modern plain bearing structure [1]
1.2 Requirements for plain bearings
Scientists concentrating on plain bearing design in the past 40 years have found that
bearing material selection for any given application is invariably a compromise of
surface properties, mechanical strength, and corrosion resistance [2-5].
High pressure lubrication oil is usually injected to separate the plain bearings and
crankshaft. Under such hydrodynamic conditions, an oil film is formed by the rotation
of the crankshaft and heavy loads are transferred to the bearing through the oil film
(Fig. 1.2). Hence, from the viewpoint of the plain bearing manufacturing industry, the
ability to carrying these external applied heavy loads without damage is the primary
requirement, especially when the bearing operates at high temperatures.
However, the bearing and crankshaft are not always separated by a continuous oil film.
Imperfect crankshaft geometry, deflections under load, and stopping and restarting all
2
lead to some degree of contact between the crankshaft: and bearing. If high load and
operating speeds exist, as well as an imperfect hydrodynamic oil fi1m, direct contact
between bearing and crankshaft: may occur. In extreme instances, this kind of contact
can lead to severe damage of the bearing and sometimes seizure can occur. Therefore,
apart from the ability to carrying high loads, the bearing needs to be soft: enough to
prevent solid phase welding. Generally, this property depends upon the following
three criteria:
Fig. 1.2 Crankshaft: from an inline four-cylinder engine with piston and connecting
rods (I-connecting rod, 2-main bearing, 3-piston, 4-oil passages) [6]
1) Compatibility: this is the inherent tendency of a material to resist solid phase
welding. It is of major concern if the oil film between the shaft: and bearing is
disrupted
2) Conformability: this ability of the bearing material is very important because it
ensures that severe seizure will not happen under shaft: deflection and minor
misalignment conditions by either wear or deformation of itself. Most
crankshaft: bearing alloys contain a soft, low-melting point phase which
smears over the bearing surface under the conditions mentioned above and
thus seizure is prevented.
3) Embeddability: Dirt may enter the bearing clearance from various sources, for
example, combustion products, foreign materials, lubrication oil and wear
debris. If the bearing material is not soft enough and the foreign dirt cannot be
fully embedded into the bearing surface, severe abrasive wear occurs.
Abrasive wear may damage the bearing as well as the crankshaft. Thus
embeddability is another important property of a plain bearing material.
Finally, corrosion resistance is another important property of crankshaft plain bearings.
The modem automotive engine operates under higher engine temperatures and longer
oil-change intervals which result in severe degradation of the engine oil. Therefore,
the production of various acids from degradation and combustion of oil can attack the
crankshaft bearing. For example, the lead phase of copper-lead bearings is prone to
this kind of corrosion. The lead can be selectively leached out of the structure leaving
a weaker, seizure and fatigue-prone structure. This can be more of a problem with
medium-speed diesel applications where high sulphur-containing residual fuels are
often used.
The previous considerations highlight the importance of the compromise between
hard and soft aspects of automotive plain bearings. Here hard aspects of plain
bearings mean high fatigue strength and wear resistance whilst the soft aspects
represent compatibility, conformability and embeddability. Therefore, in modem plain
bearing manufacturing two or three layer complex bearing structures are very popular.
These consist of a strong steel backing lined with a lead-bronze or aluminum bearing
alloy layer overlaid often with an electroplated deposit, usually an alloy coating.
Before the alloy coating is deposited, some bearings normally require a layer of nickel
of the order of a few micrometres thickness to act as a barrier coating to prevent the
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diffusion from the overlay and the subsequent formation of the intermetallic
compounds.
1.3 Development of plain bearings
The first commercial bearing alloy was lead and tin based 'whitemetal', called
Babbitts metal [3]. Babbitts alloys have excellent surface properties: compatibility,
conformability, and dirt embeddability. However, the fatigue strength of Babbitts
metal is inadequate for the majority of modern internal combustion engines, and
Babbitts alloys survive today only as crankshaft bearing linings in slow-speed marine
diesel engines. The tin-based alloy mentioned above, coupled with a 1% cadmium
addition for increased strength, is the most popular alloy for marine diesel
applications [2, 3].
When the whitemetals began to show inadequate fatigue strengths, attention was
turned to copper-based alloys and a range of copper-lead and lead-bronze alloys was
developed [3]. Today, these are the most commonly used materials for high-duty
engine bearing applications.
The copper-lead alloys in use do not exceed 30% (wt%) lead and contain up to 4%
(wt%) tin. All of these copper-lead based bearings are usually electroplated with an
overlay and it is one of the functions of the coating to protect the underlying alloy
against corrosion of the lead phase [2].
Other commonly used materials are aluminum based alloys. The aluminum crankshaft
bearing alloys are corrosion resistant and do not, therefore, rely on the overlay to
protect them from corrosion. Thus in passenger car engines, uncoated aluminum-lined
bearings are found in Europe, the USA, and Japan [2]. In particular, aluminum-tin-
silicon is now the most popular alloy worldwide for crankshaft passenger car engines.
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It combines good fatigue strength, crankshaft polishing action, and seizure resistance,
with the added advantage of being almost or totally lead-free [7].
As to the electroplated overlay, it has two technical benefits; firstly the corrosion
protection of copper-lead bearing alloys, secondly the provision of a conformable
surface layer [8]. Overlays were first used in the 1940s and currently the most widely
recognised overlays in the world are lead-based alloys, i.e., lead-tin, lead-tin-copper
and lead-indium. The lead-based overlay is soft enough to provide good
conformability and dirt embeddability. At the same time, it can withstand oil film
pressures which may be as high as 350 MPa [3].
Recently, due to environmental pressures associated with lead, there are ongoing
developments amongst engine bearing suppliers aimed at a lead-free overlay. Tin-
based alloy coatings are of great interest at the moment. However, none of them have
reached the stage oflarge-scale volume production" [3].
• At the time of writing this thesis, some tin-based overlays from different bearing manufacturer are available on market
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CHAPTER 2
THE ELECTROPLATING PROCESS
2.1 Introduction
Electroplating is probably one of the most widely used surface treatment process [9].
It can produce many kinds of functional coatings with various thicknesses, ranging
from domestic decoration, e.g. bright chromium coating, to marine protection, e.g.
sacrificial Zn overlay.
Electroplating is a well established technology and well developed in the last century.
In comparison to other surface treatment processes, especially physical vapour
deposition (PVD) it has obvious advantages [9]:
a) Equipment is relatively simple, thus the process is simple. This means it is
well suited for mass production such as high speed plating of steel sheet or the
barrel plating of small objects.
b) With carefully prepared electrolyte, it is possible to get a uniform surface after
electrodeposition, even if the substrate has a complex shape.
c) The coating produced by electrodeposition is usually very dense which is
suitable for corrosion protection.
However, electrodepostion has its own drawbacks and the biggest disadvantage is
appropriate effluent treatment which is very costly and time consuming. Furthermore,
process control in electroplating is sometimes delicate because of the use of additives
and/or proprietary baths of unknown composition to the user [9].
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2.2 Basic electroplating process
2.2.1 Electrochemistry
Electrodeposition is a process which uses electrochemical means to put a metal or
alloy coating on to the surface of another article, usually also metallic, in order to
enhance corrosion resistance, wear resistance or other properties.
2.2.1.1 Equilibrium electrode potential
If a metal, A, is immersed in a solution of its own ions, An+,an equilibrium reaction
usually occurs. Under this equilibrium condition, the oxidation rate of An+ and the
reduction rate of A are equal. This reversible equilibrium reaction can be expressed as
the following:
(2.1)
An equilibrium potential difference is set up across the electrical double layer which
is characteristic of the specific metal. This potential difference cannot be measured
because there is no way to make an electrical connection to the solution phase without
setting up another electrode potential. Consequently, electrode potentials are always
measured against a reference electrode whose potential is known on an arbitrary scale.
The most popular reference electrode is the standard hydrogen electrode, which is
usually assumed to be zero at all temperatures. Therefore, the potential difference
against standard hydrogen electrode is known as the equilibrium electrode potential,
Eeq. In particular, if the equilibrium electrode potential of a specific metal was
measured versus the standard hydrogen electrode at 25°C in equilibrium with a
solution of its own ions of unit molar activity, this potential is usually called standard
electrode potentials, E9.
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According to the Nernst equation [10],
E = EO + RT In activity(oxidised state)
eq nF activity(reduced state)
(2.2)
where,
R = Universal gas constant (8.314 Jmol" K-I),
T =Absolute temperature,
n = Ionic charge of the metal ions An+,
F = Faraday's constant (96484 C mol")
2.2.1.2 Electrode-electrolyte interface structure
The electrode behaves like a giant ion if it is placed into the electrolyte. The region of
the solution directly adjacent to the electrode is profoundly affected by the presence of
the electrode.
When initially immersed in a polar solvent, the metal atoms dissolved into the
solution can form solvated ions with water molecules and complex ions. These
solvated ions with positive charge are then attracted to the cathode electrode surface
to maintain electro neutrality. Thus a so called Helmholtz electrical double layer is
formed along the electrode [11]. The plane passing parallel to the electrode, a solvent.
molecule diameter from the electrode, is known as the Inner Helmholtz Plane, while
the plane which passes parallel to the electrode through the centre of cations closest to
the electrode, separated from the electrode by its own solvation sheath is called the
Outer Helmholtz Plane [12]. The characteristic thickness of this double layer is of the
order of two or three tenths of a nanometre [9]. Fig. 2.1 shows the Helmholtz
electrical double layer.
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Outside the double layer there exists a diffusion layer suggested by Nernst in 1904 [13]
(Fig. 2.2). When the electrode is polarized, the surface concentration of the species
which is being reduced falls to a lower level. Additional material will then diffuse to
the electrode surface to replenish the ion loss in this area.
Fig. 2.1 Helmholtz electrical double layers [14]
From Fig. 2.2 the electrode is represented by the surface on the left hand side of the
diagram. The x-axis is a scalar axis and represents distance away from the electrode.
The point of origin (x=O) represents the surface of the electrode. The y-axis represents
concentration of reducible species of interested. The maximum concentration is
represented by Cbulk which is the concentration of these species in the bulk solution. In
this figure, two regions clearly exist. In the bulk region, the solution is well mixed and
the concentration is constant everywhere with respect to distance. This is represented
by the horizontal line where c = Cbulk. This region is known as the convection zone. At
the same time, there is another region in the diagram where the concentration drops
from Cbulk to a certain lower level, in this case to zero. Nemst described the distance
between these positions as the diffusion layer with thickness 8. The exact thickness of
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the Nemst diffusion layer depends upon the nature of the solution into which it
extends. For stirred aqueous solutions the thickness of the diffusion layer can be
between 0.01 and 0.001 nun. Generally, the concentration gradient can be represented
mathematically as:
de _ (e hulk - eo)
dx 6
where
C = Ion concentration in the bulk solution,
bulk
Co = Ion concentration on the surface of cathode,
8 = Thickness of diffusion layer
Bulk solution
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Distance (.rom:electrode
(2.3)
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Fig. 2.2 Diagrammatic representation of the Nemst diffusion layer
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In this case, because the concentration of chemical species considered at the electrode
surface is zero, this equation can be simplified to give [13]:
de <:-=--
dx J
(2.4)
2.2.1.3 Mass transport in solution
Migration from the bulk solution towards the cathode occurs mainly by the following
three methods [15].
a) Convection: convection is generated by small thermal or density differences
and acts to mix the solution in a random and therefore unpredictable manner.
This can be influenced by agitation or temperature change.
b) Diffusion: diffusion tends to drive ions from high concentration areas to low
concentration areas, especially into and across the diffusion layer.
c) Electric migration: this is essentially an electrostatic effect which arises due to
the application of a voltage on the electrodes. This effectively creates a
charged interface (the electrodes). Any charged species near that interface will
either be attracted or repelled from it by electroststatic forces.
2.2.1.4 Current distribution in an electroplating bath
Current distribution is of great importance in an electroplating process. A non-uniform
potential distribution in the electrolyte normally leads to a non-uniform current
distribution on the cathode, thus resulting in a non-uniform surface finish, which is
very undesirable for most applications [9].
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Firstly, if the influence of electrode polarisation and mass transport is ignored, the so-
called primary current distribution prevails, which is only related to the geometry of
the electrochemical cell.
Considering both cell geometry and electrode polarisation whilst ignoring mass
transport effects, the so-called secondary current distribution dominates in the
electroplating bath. In this case, the uniformity of the current density on the cathode
not only depends upon the cell geometry but also on the value of the Wagner number
(Wa). The Wagner number describes the ratio of the polarisation resistance of the
electrode over the ohmic resistance in the electrolyte
Wa=K(dll)
L di
(2.5)
Here 1C is the electrolyte conductivity and L is a characteristic length of the system,
dll is the slope of the polarisation curve. As a general rule, the larger the Wagner
di
number, the more uniform the current distribution is. Therefore, any conditions
tending to increase the electrolyte conductivity and polarisation curve slope will
favour the current distribution on the cathode. Compared with the primary current
distribution, the secondary current distribution is always more uniform.
Finally, in the presence of both significant mass transport and polarisation effects the
tertiary current distribution begins to prevail. The current distribution on the cathode
in this case strongly depends on the ratio of the characteristic length L to the thickness
a of the diffusion layer [16]. Fig. 2.3 shows these two different circumstances.
If the surface profile with L«o (a), the tertiary current distribution tends to be non-
uniform. On the other hand, if the surface profile with o«L (b), the tertiary current
distribution plays the same role as secondary current distribution and eventually
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makes the electrode surface more uniform.
/diffusion
.,/'" layer
\11 \J/ j_
~t. ~oub,n~/
(a) (b)
Fig. 2.3 Surface profile related to tertiary current distribution [17]
2.2.2 Polarisation
The equilibrium potential of a metallic electrode can be altered by either the
application of an external voltage or by spontaneous voltage production of its own.
The deviation between the new potential and equilibrium potential is called
polarisation, which is usually described as an overvoltage (TJ). It is a measure of
polarisation with respect to the equilibrium potential (Eeq)of an electrode.
(2.6)
where,
T) = Overvoltage,
E = Electrode potential,
Eeq= Equilibrium potential
In practice, there are three distinct types of polarisation in any electroplating bath; the
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total polarisation value across the electroplating bath is the sum of the individual
elements:
E- Eeq = 11total = 11act + 11cone +1 R (2.7)
where,
llact is the activation overpotential, a complex function describing the charge transfer
kinetics of the electrochemical processes. llact is predominant at small polarisation
currents or voltages.
llconc is the concentration overpotential, a function describing the mass transport
limitations associated with electrochemical processes. llconc is predominant at large
polarisation currents or voltages.
IR is often called the ohmic drop. IR follows Ohm's law and describes the polarisation
that occurs when a current passes through an electrolyte or through any other interface
such as a surface film or external connectors. The ohmic drop is the simplest of the
three polarisation terms and can be evaluated either directly with a conductivity cell
or using conductance data.
2.2.2.1Activation polarisation
The exchange current (io) is a fundamental parameter associated with an
electrochemical process, which describes the oxidation and reduction rate at an
electrode in the equilibrium condition, i.e. with no material loss or gain at the
electrode [16]. It can also be used to reflect the electrocatalytic performance of a
surface towards a specific reaction and can vary over many orders of magnitude. For
example, comparing a metal of 10.3A cm-2 exchange current density to another metal
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of 10-2 A ern" exchange current density, the former is obviously more difficult to
deposit. Under equilibrium conditions,
i0 = ioxidation = ireduction (2.8)
When an external current passes through the electrode, the equilibrium is disrupted. If
the rate of external electron provision exceeds io, the external electrons begin to
accumulate on the electrode, resulting in the structural change of the double layer,
which transfers the electrode potential to a more negative value (cathode) or positive
value (anode). This kind of potential change is called activation polarisation. A
general representation of the polarisation of an electrode is given in the Butler-Volmer
equation [18]:
(2.9)
where,
i=The anodic or cathodic current density,
B = Charge transfer barrier or symmetry coefficient for the anodic or cathodic reaction.
B values are typically close to 0.5,
11act = Positive for anodic polarisation and negative for cathodic polarization,
n =Number of participating electrons,
R = Universal gas constant (8.314 J mort K"t),
T =Absolute temperature,
F = Faraday constant (96485 C mort)
Similarly, when 11 is cathodic, i.e. negative, the second term in the Butler-Volmer
Equation becomes negligible and i can be more simply expressed by the following
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equation:
.. {fJ nF }
1= '0 exp - RT 17aCI (2.10)
or in its logarithmic form:
i
17acl = b)og(-:-)
'0
(2.11)
b = 2.303 RT
C fJnF (2.12)
2.2.2.2 Concentration polarisation
Under activation control, as described above, ions are supplied to the cathode at a rate
such that electrocrystallisation is rate determining. If the overpotential/current
continues to increase, the deposition rate increases as well. Eventually the supply rate
of metal ions from the bulk solution through diffusion layer cannot keep up with the
consumption rate of ions at the electrode surface, then the electrons from the external
source begin to accumulate on the electrode and lead to polarisation. This kind of
polarisation is known as concentration polarisation, 'llconc, and it is dependent upon the
concentration gradient in the diffusion layer. Compared to activation polarisation,
concentration polarisation is usually controlled by the diffusion rate of metal ions
through Nernst diffusion layer.
During concentration polarisation, the surface concentration continuously drops with
the increase of current; sometimes it may be down to zero. At this point, the limiting
current density is reached. Under such limiting current density conditions, the process
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is totally controlled by mass transport of ions and metal ions are discharged once they
reach the electrode. In addition, metal deposition is occurring at the maximum rate
under limiting current density conditions.
For purely diffusion controlled mass transport, the flux of a species 0 to a surface
from the bulk is described by Fick's first law:
lie
J=-D(-)
8x
(2.13)
where,
J = Diffusion flux,
D = Diffusion coefficient
Assuming that transport is entirely by diffusion, then, under steady-state conditions,
the total amount of metal ions deposited on the cathode is equal to that arriving at the
cathode. So, at the limiting current, iL•
i = i = -nFD Chll1k
L 8
(2.14)
llconc can be evaluated using an expression derived from the Nemst equation.
= 2.303RT 10 (1-_£)7Jconc F g .
n 'L
(2.15)
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;2.2.3Electrocrystallisation
Electrocystallisation is very important during an electroplating process because it
greatly affects the final surface quality. The electrocystallisation process may be
envisaged as a series of steps in which the ions move to the electrode surface and are
discharged [19]:
1) Movement of metal ions from bulk solution through diffusion layer to cathode
surface, where the ion loses its hydration molecules.
2) Adsorption of the metal ions on the cathode surface as adions.
3) Adion diffusion across the surface to a discharge site which usually has a
minimum surface energy.
4) Adion discharge involving electron transfer.
Nucleation theory states that the rate of nucleation increases with overpotential [20].
As known, if a reaction has a small exchange current density it normally requires a
high overpotential to reach the given current density. Under such high overpotential
condition, the crystal grains have not enough time to grow, thus a finer grained
deposit will be formed. On the other hand, the influence of mass transport is related to
the growth process. If deposit growth is limited by diffusion, the surface quality is
usually very poor because protruding parts of a surface grow faster as they are more
accessible, while the 'valley' (lower areas) grows more slowly. Dendritic deposits, or
even metal powders [20], are produced under these conditions.
In industrial practice, additives are most often employed for influencing
microstructure and they are normally high molecular weight organic compounds or
colloids [21]. The function of additives is implemented by either their presence alone
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or by their interaction with other substance formed during electrode reactions.
Generally, additives can greatly improve the overpotential and therefore improve the
surface finish quality. Sometimes it is common to use a host of additives in a single
bath and under such circumstance the net effect of the additives on the deposit quality
should be considered because of synergistic effect. The relationship between
electrodeposition conditions, including additives, and deposit microstructure has
previously been extensively investigated by Fischer and his group [22-24].
Classification of various additives is summarised as follows:
1. Brighteners-these modify the nucleation and growth process to enable
development of a fine-grained structure.
2. Levellers-these aim to produce a smooth and flat electrodeposit on substrates
with a high macroscopic roughness. They are usually adsorbed onto the
surface-peaks and inhibit the deposition at asperities; and at the same time a
lower adsorption occurs at surface troughs or recesses. Therefore polarisation
is less in the recess than at the asperities which finally leads to a levelling of
the deposit.
3. Surfactants-these reduce surface tension formed by hydrogen gas bubbles and
thus prevents pitting. This additive is quite important because fully occluded
hydrogen will embrittle the deposit.
2.3 Alloy electrode position
The field of alloy electrodeposition has been well studied in the last century e.g.
Brenner [25], Gorbunova and Polukarov [26], Raub [27]. The existing reviews report
on over 30 metals and over 500 binary alloy systems offering good possibility of co-
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deposition. However, among them only 20 are in commercial use to any great extent
[26].
2.3.1 Mechanism
In order to co-deposit two different metals, two criteria must be met. Firstly, it must
be possible to individually deposit at least one of the metals. Secondly, the deposition
potentials of the metals must be close together.
The table of standard electrode potentials gives an indication of whether two metals
may be co-deposited in simple salt solutions. However this indication is not reliable
because most of the metals are usually deposited from complexed solutions where the
actual deposit potential is quite different from the standard electrode potential.
However, it is thought that two metals with less than 0.2 V deposit potential
difference can be co-deposited from simple salt solution because polarisation may
bring the potentials even closer.
From the viewpoint of the Nemst equation, in order to deposit two different metals,
the deposition potential Ee~and E! must be close or equal.
EA A RT
eq = Eo + -Ina ft. + 17AnF A (2.16)
EB B RTeq =Eo +-Ina ft. +17BnF B
(2.17)
where
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R =Universal gas constant (8.314 J mol" K"I),
T =Absolute temperature,
n = Ionic charge of the metal ions An+,
F = Faraday's constant (96485 C mol"),
aAZ+' asZ+ =metal ion activity
The Nernst equation shows that the electrode potential is relevant to metal ion activity.
The metal ion activity is equal to free metal ion concentration in the solution and thus
the reduction of metal ion concentration can lead to a potential shift in the negative
direction. On the other hand, increase of metal ion concentration usually brings the
potential to more positive values. However, for a monovalent ion the shift is only
0.059 V per order of magnitude change in activity. Therefore varying the
concentration of the ions in impractical and this method is only useful where the
difference between the electrode potentials of the two metals is small.
Alternatively, a very low concentration of free metal ions can be obtained by forming
complexes of a stable nature and whose dissociation is limited. Numerous
complexants are available at the moment. The size of the shift in potential depends on
the stability of the metal-complex bond.
Brenner has classified alloy electrodeposition solution behaviour into five categories
[25].
a) Regular solutions having simple ions and diffusion control. The static
potentials may be relatively far apart, egoCd-Zn from sulphate solutions.
b) Irregular solutions under cathode potential control having one or both metals
present as complex ions, egoCu-Zn from cyanide solutions.
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c) Equilibrium solutions where at low current density the bath metal ratio gives
the deposit metal ratio, egoPb-Sn from acid solutions.
d) Anomalous solutions where the less noble metal may deposit preferentially.
This may be caused by differential complexing or polarisation, egoFe-Ni from
acid solutions.
e) Induced systems in which a metal can be co-deposited as an alloy although it
will not deposit singly, egoMo or W induced by co-deposition with Fe, Co or
Ni.
2.3.2 Effect oj operating variables on alloy deposition
The metal ratio of the bath is the most important factor in affecting the cathode
deposit composition. The influence of bath metal ratio on alloy deposition is very
complicated and Brenner discussed in considerable detail according to each of the five
types of alloy plating systems [25].
As a general rule an increase in the metal-percentage of a parent metal in an alloy
plating bath results in an increase in its percentage in the deposit. Applying this rule
with diffusion theory, another important conclusion can be drawn: in an
electrodeposited alloy the percentage of the more readily depositable metal is
increased by any alteration of electroplating conditions which tends to oppose the
depletion of metal ion in the cathode diffusion layer. This is due to the cathode
diffusion layer becoming relatively more depleted with respect to the more readily
depositable metal. Any alterations of electroplating conditions which oppose the metal
depletion do not replenish the parent metals equally to the diffusion layer but in such
a way that the ratio of more readily depositable metal to the other in the cathode
diffusion layer is increased [25].
23
Apart from bath metal ratio, there are many other variables which may affect the alloy
deposition.
2.3.2.1 Complexing agent concentration
Next to the metal ratio of the bath, the concentration of a complexing agent has the
greatest influence on the composition of the deposit.
The function of the complexant is to lower the concentration of free metal ions, thus
shifting the metal deposit potential to a more negative value, which lowers the amount
of metal deposited. So as a general rule, if the increase of complex concentration
shifts the deposit potential of metal A, for example Sn, more than of the metal B, such
as Co, the percentage of metal B in deposition alloy is increased.
2.3.2.2 pH value
The effects of pH on the composition of electrodeposited alloys relate to the stability
of the complex. Simple metal ions are almost immune to pH while the complexes are
very sensitive to pH variation. Generally, the stability of complexant is a function of
pH.
As a general rule, variation of pH should have little effect on the composition of
alloys deposited from baths containing the metals as simple ions and should have a
large effect on the composition of alloys deposited from baths in which the parent
metals are present as complexes due to the reason mentioned above.
2.3.2.3 Current density
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Current density is an important operating variable and its effect on alloy deposition
can be explained by two aspects: cathode potential and diffusion control. As to the
former, an increase in current density moves the cathode potential to a more negative
value, thus favouring the electrodeposition of the less noble metal. This is due to the
plating conditions approaching more closely those represented by the current density-
potential curve of the less noble metal.
According to diffusion theory, every metal has a limiting current at which the metal
deposition rate is maximum and the eletrodeposition process is totally controlled by
mass transport. At a given current density, the rate of deposition of the more noble
metal is relatively much closer to its limiting value than that of the less noble metal.
Therefore, the increase in current density favours the deposition of the less noble
metal.
2.3.2.4 Temperature
The effect of temperature on the composition of electrodeposited alloys may result
from the following four factors:
1) equilibrium potential
2) polarisation
3) concentration of diffusion layer
4) cathode current efficiency, which is the ratio between the actual amounts of metal
deposited to that calculated theoretically.
Of these four factors, 3 and 4 are the most important.
Increasing temperature generally increases the diffusion rate, thus increasing the metal
concentration at the electrode-solution interface. As discussed before, in an alloy
2S
plating system, the percentage of the more readily depositable metal is increased by
any alteration in electroplating conditions which tends to oppose the depletion of
metal ions in the cathode diffusion layer. Based on this conclusion, it is obvious that
increasing temperature favours the deposition of that metal which already was
depositing preferentially. In addition, temperature may affect the composition of an
electrodeposited alloy indirectly through its effect on the cathode current efficiency,
and this is more obvious in complexant solution. For example, increasing temperature
improves the cathode current efficiency of Cu2+ from cyanide solution, thus
correspondingly improves Cu percentage in the deposit.
2.3.2.5 Agitation
The effect of agitation is similar to that of temperature because the agitation of a bath
tends to increase the diffusion rate and decrease the thickness of the cathode diffusion
layer, which brings the composition of the diffusion layer to approach more closely
that of the bulk solution. Therefore, it favours an increase in the deposition rate of that
metal which is already depositing preferentially.
2.3.2.6 Addition agents
Sometimes alloy deposition can be made possible by the use of additives. Basically,
the use of addition agents can bring the ~eposition potential of metals closer together,
just like the use of some complexing agents.
The additives usually adsorb on the cathode surface and lower the exchange current
density of metals, which in tum increases the metal deposition polarisation. Therefore,
the desirable additive should increase the polarisation of deposition of the more noble
metal without appreciably affecting the deposition potential of the less noble metal.
Thus the deposit potentials of the more noble metal are brought closer to those of the
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less noble metal, which makes co-deposition possible.
Since addition agents can bring the deposition potentials closer, it is to be expected
that their concentration should have a considerable effect on the composition of
electrodeposited alloy, similar to the effects of complexing agents [25].
2.4 Pulse plating
2.4.1 Introduction
The application of pulsed electrodeposition for pure metals and alloys has attracted
considerable attention since the early 1970s.The main purposes of pulse plating are to
improve the deposit properties, for examples, porosity, ductility, hardness, wear
resistance, and to optimise the plating thickness distribution [28].
Pulsed plating can be controlled by either current regulation or voltage regulation. In
current regulation mode, the current, or the reaction rate is kept constant and the
potential varies as a function of time whilst in voltage regulation mode the pulse
current varies as a function of time and at the same time the driving force for the
reaction kept constant. Generally, voltage regulation is a better control of the current
efficiency and of alloy composition. However, in industrial practice, current
regulation mode is preferred for most applications. There are three main reasons
behind that. Firstly, in current regulation mode, the average deposition rate can be
very simply calculated while in voltage regulation it is impossible without the help of
complicated computations or some kind of charge measuring device. Secondly,
regulation of pulsed voltage is very difficult to achieve from a practical point of view,
which needs a third electrode, a reference electrode, being added to the system.
Finally, at the end of a pulse, some metal is redissolved due to the instantaneous re-
establishment of the starting potential; hence a short inversion of current is needed at
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the end of the pulse, which is not generally desirable. Furthermore, passivation may
occur during the inversion periods.
With the help of modem electronic development, there are quite a number of pulse
plating waveform variations available including some very sophisticated sine-wave
pulses [28]. However, square-wave pulse plating and pulse reverse plating remain the
most popular applications today i.e, a short cathodic pulse followed by a period
without current and/or by an anodic pulse. (Fig. 2.4) The variables of primary
importance during pulse processes are peak current density (ip), average current
density (ia), on-time (ton) and off-time (toft). The sum of the on and off time makes one
complete pulse-cycle, so that the duty cycle is defined as follows:
Duty cycle (9) = on-time/ (on-time+off-time) (2.18)
The average current density, i,under square-wave pulse plating condition is defined
as the result of the peak current density, ipmultiplied by the duty cycle,
(2.19)
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Fig. 2.4 Typical square-waves of pulse plating [28]
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2.4.2 Capacitance effects
As known, the total applied current in a single pulse-cycle process is a sum of the
Non-Faradic and the Faradic current,
i=ic+ir (2.20)
where,
i = Total current density,
ic = Non-Faradic current density, which IS responsible for the charging and
discharging the electrical double layer,
if = Faradic current density, which represent the current taking part in the
electrochemical reaction.
At the beginning of each pulse the cathode potential must be raised to a certain value
.to initiate metal deposition. It takes time to finish this process because the electrical
double layer at the interface represents a capacitor with plate separation of the
molecular dimensions which therefore has a very high capacity [17]. The charging
time is the time required for the cathode potential to reach the value corresponding to
the pulse current, Fig. 2.5 illustrates various current profiles associated with different
ratios of charging time to total pulse time. As can be seen in Fig. 2.5a, ideal pulse
waves are obtained in cases when charging time is negligible as compared to pulse
time; in practice, however, the pulse waves are slightly distorted as shown in Fig. 2.Sb
where charging time is often a significant fraction of the total pulse time; the longer
the charging time, the more distortion the pulse wave will have. Finally, if the
charging time exceeds the pulse length, the potential corresponding to the pulse
current density is never reached, which results in if remaining smaller than i during
the whole of the pulse. (Figs. 2.5 c and d) Similar effects occur at the end of a pulse.
The discharging of the double layer takes some time before the potential falls to the
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value corresponding to zero current. If this time is longer than the off-time, the double
layer is never completely discharged and subsequently if never decreases to zero.
;l)
,.•......
I
I· . L
b)
,t
!
r)
d)
Fig. 2.5 Capacitance effects in pulse plating ( a) ton»tcharging,b) 1on>tcharging,c)
ton<tcharging,d) ton«tcharging)[29]
2.4.3 Mass transport
Comparing with direct current process, two distinct cathodic diffusion layers can be
defin~d in pulse plating process.
In the immediate vicinity of the cathode a pulsating diffusion layer exists. (Fig. 2.6)
The ionic concentration in this layer pulsates with the current. It decreases during the
pulses and relaxes in the interval between them. In this case, the cathode surface
concentration is zero after a pulse. If the duration of the pulse is short, the diffusion
layer does not have sufficient time to extend very far into the bulk solution and in
particular does not extend to the region where convection takes over the mass
transport. Therefore, additional transport is needed which moves the ions from the
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bulk of the solution towards the pulsating diffusion layer by diffusion, so that another
concentration gradient also builds up in the bulk of the electrolyte. The thickness of
this diffusion layer corresponds essentially to that which would be established under
the same conditions in DC electrodeposition. Therefore, cations are supplied towards
the cathode during the off-time through this outer diffusion layer, which allows the
relaxation of the pulsating diffusion layer during the off-time. The outer diffusion
layer is essentially stationary [17, 28].
Metal ion
Conce ntration,
C
Bulk solution
Distance from cathode surface
Fig. 2.6 Diffusion layers in pulse plating [29]
According to Fick's diffusion law, the peak current density of the pulsating layer can
be expressed as follows,
(2.21)
where,
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D =Diffuison coefficient,
op=Thickness of the pulsating layer
The pulse current density can reach extremely high values because the concentration
gradient in the pulsating diffusion layer can be very high, at the same time, the
maximum average current density cannot exceed the direct current limiting current
density because it is directly related to the establishment of the stationary outer
diffusion layer. To sum up, the depletion of the cationic concentration in the pulsating
diffusion layer limits the peak pulse current density, and the depletion of the cationic
concentration in the outer diffusion layer limits the average current density.
2.4.4 Current distribution
Current distribution has been discussed previously in Section 2.2.1.4. However, the
effects of pulsed current on secondary and tertiary distribution are somewhat different
to those under DC conditions. Theoretical considerations predict that current
distribution with PC is usually more irregular than with DC if the comparison is made
under equal average current density.
Because primary current distribution is dependant solely on cell geometry, it is only
influenced by the nature of electrode, such as spacing and shape. Therefore the pulse
does not affect primary current distribution compared with the direct current process.
However, the pulse current tends to make the secondary current distribution less
uniform than with a direct current process. Fig. 2.7 shows a typical cathodic
polarisation curve. Presuming a direct current process takes place at current density A,
the corresponding pulse current process should react in a higher current density B, to
maintain the same average current density, or in other words, same deposition rate. As
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can be seen in the Figure 2.2, the slope of the polarisation curve, (~~), at current
density B is obviously lower than that at A, which indicates the Wagner number of
direct current process is always higher than that under the same condition pulse
current process. As mentioned in Section 2.2.1.4, the Wagner number is the
measurement of secondary current distribution; therefore the pulse current
deteriorates secondary current distribution.
A B 1
Fig. 2.7 A typical cathodic polarisation curve
However, the current distribution is totally different in tertiary area. Because of the
high peak current density incurred by the pulse plating process, the pulsating diffusion
layer is usually very thin with respect to the characteristic dimensions of the surface
profile as shown in Fig. 2.3 b, thus the pulsating diffusion layer has a constant
thickness along the electrode which results in the large current distribution
improvement as compared to direct current processes.
2.4.5 Crystallization
As discussed in Section 2.2.3, the crystallization is the process by which adions are
incorporated into the crystal lattice. There are two competitive processes existing
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which can be influenced by many different factors. Generally, crystallization occurs
either by the build-up of old crystals or the formation and growth of new ones. IIigh
surface diffusion rates, low population of adions, and low overpotentials favour the
build-up of old crystals, while conversely low diffusion rates, high population of
adions, and high overpotentials on the surface enhance the creation of new nuclei.
Due to the higher peak current density of pulse plating process, the population of
adions at the surface during electrodeposition is considerably higher than that during
direct current process, which results in an increased nucleation rate and therefore in a
finer grained structure.
Recrystallization is another phenomenon that might occur during the off-period of
pulse plating. Because smaller grains possess higher surface energy, they are
thermodynamically less stable than larger ones. Thus like bubble coalescence, small
grains tend to recrystallization to decrease surface energy. For this to occur, the
surface should remain active during the off-time. By choosing appropriate adsorbed
species, the surface may be inhibited, in which case no crystallization will further
occur and therefore the fine grains obtained during the on-time of electrodeposition
are stabilised.
2.5 Agitation
Agitation is an important control parameter for electrodeposition processes although
only a few references have examined it in significant depth during the last few
decades. Traditionally, agitation in the plating solution can be produced either by
agitating the electrolyte or by moving the cathode [30, 31].
Basically, the primary function of agitation is to reduce the diffusion layer thickness
through increased mass transport rate, thus increasing the cathode limiting current
density which leads to an improved electrodeposition rate [32].
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Other benefits of agitation include the sweeping away of bubbles (usually hydrogen),
which may otherwise cause pits or porosity and deteriorate the surface quality,
avoiding stagnation by delivering the reactants, and dissipating heat from the surface.
In addition, there is a special function of agitation usually associated with composite
coating production. In this case the composite particle is often suspended by means of
appropriate agitation and brought into contact with the cathode for subsequent co-
deposition.
2.5.1 Fluid mechanics related to the agitation process
When agitation is employed, there are usually two possible fluid modes that exist,
namely, laminar flow and turbulent flow.
The fluid mechanics was first investigated in the 1880s by Osborne Reynolds and he
used a dimensionless parameter to predict these two flows. This parameter is called
the Reynolds number, Re
pudRe=--
Jl
(2.22)
where,
p =Density of fluid,
u = Mean velocity of fluid,
L = Characteristic diameter,
I.l =Viscosity of fluid
If the Reynolds number does not exceed a certain value (generally accepted as 2300
for a circular pipe), the liquid flow is said to be laminar. As the Reynolds number
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increases laminar flow changes into turbulent flow.
In laminar flow the fluid is characterized by smooth, constant fluid motion, thus the
fluid layers slide smoothly over one another in a laminar manner. As the Reynolds
number increases, turbulence occurs whilst laminar flow is disrupted. Tn turbulent
flow, the streamlines or flow patterns are disorganised and there is an exchange of
fluid between these areas [33]. Fig. 2.8 shows typical laminar and turbulent flow.
Turbulent
Laminar .,
Fig. 2.8 Laminar and turbulent flow [34]
There is a critical Reynolds number above which laminar flow is disrupted and
turbulence occurs. Therefore, as flow velocity increases in an electroplating bath,
there is not a gradual change from laminar flow to turbulence flow as the Reynolds
number increases. Instead, laminar flow will continue until a critical Reynolds
number is reached.
Turbulent eddies in electrolytic cells may be considered more beneficial than laminar
flow because in turbulent flow the electrolyte mixes more uniformly which leads to
enhanced mass transport of metal species to and across the diffusion layer, thus
increasing the metal replenishment rate at the electrode surface [29]. Based on this
36
consideration, bars and other obstructions are often placed in the electrolyte, which
will cause turbulent flow to occur at a low Reynolds number.
2.5.2 Agitation methods
There are numerous forms of agitation: convection currents from heating and cooling
coils, the disturbance caused by barrel rotation and movement of work in the tank, the
solution motion resulting from the use of a filter pump, the mixing induced by the
evolution of hydrogen at the cathode, and so on. But from the viewpoint of real
electrodeposition processes, researchers limit the discussion to air agitation, cathode
movement, vibratory agitator, ultrasonic agitation solution pumping and eductor
technology [31-48].
In order to assess the various agitation methods, a term called process enhancement
factor was introduced which can be calculated from the following equation [32]:
EF= = O( ..,al;C)«: (2.23)'1.(,,'aliC)
where,
EF = Enhancement factor
iL(agit) and iL(static) = Limiting current density under agitation and static conditions (A
dm").
~ (static) and ~(agit) = Thickness of diffusion layer under agitation and static conditions
(mm).
Table 2.1 summaries the enhancement factors of common used agitation methods [32].
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Table 2.1 Enhancement factors for different methods of agitation [32]
Agitation method
Diffusion layer
Enhancement factor
thickness, B/mm
Static solution 0.5 1
Natural convection 0.2 1-2
Cathode movement 0.2 2-4
Gas sparging 0.02-1 5-25
vibratory 0.02-0.15 3-30
ultrasonic 0.05-0.25 2-10
Turbulent flow nla 5-50
2.5.2.1 Air agitation
The principle of air bubble agitation is very simple: during the electroplating process,
the air is forced to the bottom of the bath using a pipe, and then allowed to exit
through the holes on the pipe end. Afterwards, the bubbles will rapidly expand and
race towards the solution surface. Fig. 2.9 shows the picture of air agitation.
This technology is probably the most common method of producing agitation in the
electroplating industry today because it is not only simple and cheap to operate, but
also very efficient.
However, the main limitation of air agitation is that it has usually been related to its
oxidation ability; so air agitation is never used in acid tin baths because the tin itself
would oxidise, and rarely in cyanide solutions where it promotes formation of
troublesome carbonates [44]. Secondly, the use of air agitation may greatly lower the
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solution conductivity. This phenomenon has been studied for many years [47]. Finally,
the use of gas agitation may create non-uniform deposits. This is due to the size and
number of air bubbles changing gradually as they rise to the surface, thus creating
different agitation zones.
Air In
Fig. 2.9 Diagrammatic representation oftypical air agitation for electrodeposition [44]
2.5.2.2 Cathode movement
Cathode movement is the oldest and simplest way to agitate the solution because
moving the cathode is sometimes easier than moving the solution. The cathode
movement can be vertical, horizontal, or a combination of the two [32].
In comparison with other agitation methods, cathode movement is cheap and easy.
However, it is normally only used as a substitute for air bubble agitation because of its
lack of effectiveness.
2.5.2.3 Vibratory agitation
Agitation by vibration has also been long studied and with it eddies are usually
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created by a perforated disc (Fig. 2.10). The perforated disc is placed at the bottom of
the electroplating tank and oscillated at a low frequency of 50 Hz to 60 Hz and at an
amplitude of between 3mm and 6mm [29].
Recently, disc vibration has received a great attention as a tool to enhance the rate of
mass transfer in diffusion controlled processes. As known, by using vibratory
agitation, oxidation is avoided and adequate solution conductivity is assured. This
method is particular important for composite coating production.
Fig. 2.10 A typical vibratory agitation system used in the composite plating process
[47]
Vibratory agitation has other advantages. Tojo, Miyanami and Mitusi [45], who
studied the effect of vibratory agitation on the rate of mass transfer using a
reciprocating perforated disc, carne to the conclusion that vibratory agitation needs
less energy than rotary agitation for the same degree of mixing. Kalantary and Gabe
[40] studied the effect of vibratory agitation on the rate of metal deposition during
electroplating in a cylindrical cell using a perforated disc. They reported that vibratory
agitation increases the rate of metal deposition by a factor' ranging from 3 to 20
depending on the operating conditions.
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However, vibratory agitation is not very uniform which limits its application in
industrial processes although it is very effective for composite electrodeposition.
2.5.2.4 Ultrasonic agitation
This is the latest agitation technology. Apart from its agitation function, Walker [46]
found the ultrasonic agitation can change the crystal orientation which leads to
ultrasonic hardening. In addition, ultrasonic agitation can dislodge foreign matter at
the metal surface by cavitational explosive effects.
Therefore, ultrasonic agitation is often used in cleaning processes or deposit structure
modification rather than agitation.
2.5.2.5 Solution pumping
Fluid pumping is a highly specialised form of agitation which can give very high rates
of mass transport. Generally, it is achieved by moving the fluid from one location to
another through pipes or channels.
By continuously pumping the solution around the bath, the Reynolds number can be
largely improved eventually it may reach the critical value. After that the solution
becomes turbulent and the electrolyte is more uniform throughout the bath.
2.5.2.6 Eductor agitation
Eductor agitation is a relatively new technology although the eductor themselves can
be traced back to the 19th century (Fig. 2.11).
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Pressurised fluid
from external pump
•
Fig. 2.11 Schematic of electrolyte flow around a process tank using eductor agitation
[47]
Eductor agitation is based on the Venturi principle which describes the relationship
between the pressurised solution intake and solution output. Generally, the fluid
compression creates a pressure drop in the surrounding area which allows fluid to be
drawn into the flow stream. The induced fluid is about four times as those pressurised
fluid, thus giving a good efficiency of five-fold volumetric flow [48].
The advantages of eductor agitation include [47]:
• Elimination of air from the solution, thus eliminating any oxidation tendency and
maintaining good conductivity.
• Circulation of over 400% of the pumped volume through secondary intake
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CHAPTER 3
DIFFUSION
Diffusion generally deteriorates the bearing properties as the overlay alloys after
diffusion are normally metallurgically unstable and therefore relatively weak with
respect to the resistance to fatigue.
3.1 Diffusion mechanism
Two solids or films are generally expected to undergo interdiffusion when they are put
together [49]. In general, diffusion is a thermodynamically irreversible self-driven
process which finally tends to form a system with equilibrium and maximum-entropy
state [50]. This state is usually achieved by eliminating concentration gradients of, for
instance, impurity atoms or vacancies in a physically connected couple. The diffusion
phenomenon was firstly fully studied by Adolf Fick in the year 1855 and two
diffusion laws were derived from his investigations which are called Fick's Diffusion
Laws. A number of parameters, for example, temperature, can influence the degree
and rate of diffusion process.
3.1.1 Ficks Diffusion laws
3.1.1.1 Fick's First Law
Fick's First Law is used in steady state diffusion, i.e., when the concentration within
the diffusion volume does not change with respect to time (Jin=Jout).
Be
J=-D-ax (3.1)
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where,
J=Diffusion flux,
D = Diffusion coefficient or diffusivity,
C = Concentration,
x = Position
3.1.1.2 Fick's Second Law
Fick's Second Law is used in non-steady or continually changing state diffusion, i.e.,
when the concentration within the diffusion volume changes with respect to time.
(3.2)
where,
C = Concentration,
t = Time,
D=Diffusion coefficient,
x = Position
Fick's Second Law can be derived from the First Fick's law and the mass balance.
3.1.1.3 Diffusion coefficient
The diffusion coefficient at different temperatures is often found to be well predicted
by
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_JL
D- De RT- 0 (3.3)
where,
D = Diffusion coefficient,
Do = Maximum diffusion coefficient (at infinite temperature),
Q = Activation energy for diffusion,
T = Absolute temperature,
R = Gas constant (8.314 J mol" Kol)
3.1.2 Diffusion mechanisms
There are three simple mechanisms for diffusion of atoms A in a solid AB [50]:
1. Interchange mechanism---- Two atoms A and B exchange their positions by
rotating about a midpoint and then squeezing by each other in the lattice. Actually,
more than two atoms may rotate together.
2. Interstitial diffusion---- This kind of diffusion involves atoms diffusing
individually through interstitial sites. It occurs when the diffusing atom is small
enough to move between the atoms in the lattice. This type of diffusion requires
no vacancy defects in order to operate.
3. Vacancy diffusion----Vacancy diffusion takes place with the help of vacancies. It
occurs primarily when the diffusing atoms are of a similar size, or substitutional
atoms. The movement of a substitutional atom requires a vacancy in the lattice
for it to move into.
Fig. 3.1 depicts these three modes of atomic motion.
45
Generally, a diffusing atom must overcome a potential-energy barrier to move from
one location to another and the potential-energy barrier is usually caused by the
neighbouring atoms.
(a) (b) (c)
Fig. 3.1 Graphic illustration of the mechanisms of diffusion: (a) interchange by
rotation; (b) migration through interstitials; (c) atoms exchange position with vacancy
[50].
The interchange mechanism requires the activation energy to be very high to initiate
the process and it is might expected to be of the same order of tens of electron volts.
The actual activation energy values given in various literatures at moderate
temperature are uniformly much less than that value, which makes this mechanism
unlikely. Process (a), Fig. 3.1 should thus be ruled out for most practical cases.
For interstitial diffusion, the moving atom does not lie in the crystal lattice, but
instead occupies an interstitial position. Thus interstitial diffusion is most likely to
occur for alloys where the migrating atom is very small (e.g. carbon, nitrogen or
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hydrogen). The diffusion process for the atom to move from one interstitial position to
the next in a perfect lattice is not defect controlled.
A possible variant of this type of diffusion has been suggested for substitutional alloys
in which the diffusing atoms are only temporarily interstitial and are in dynamic
equilibrium with others in substitutional positions. However, due to the similar
element sizes in substitutional alloys, it is difficult to form such an interstitial and,
consequently, the most likely mechanism is that of the continual migration of
vacancies. To initiate vacancy diffusion, two conditions must be met (i) vacancies
exist in the lattice and (ii) the activation energy must be sufficiently high to make the
transition [51].
3.1.3 Factors affecting diffusion
The most important factor affecting the diffusion coefficient D is temperature.
According to equation 3.3, the rate of diffusion increases greatly with temperature.
Diffusion is also largely dependant on lattice structure; the activation energy of an
interstitial alloy is therefore far less than the activation energy of a substitutional alloy.
Thus it is easy to understand that the diffusion of Cr and Al into Fe is far more
difficult than C and N [51]. The diffusion coefficient is also expected to increase with
increasing lattice irregularity. This has already been proved experimentally. [51].
Moreover, grain boundaries and dislocations in the lattice structure play an important
role during the diffusion process and normally produce enhanced interdiffusion.
Measurement has confirmed that the activation energies of surface and grain boundary
diffusion are lower than that of volume diffusion, as a general rule, Qvol~2Qgb~
2Qsurface. This behaviour is understandable in view of the progressively more open
atomic structure found at grain boundaries and external surfaces. It is also apparent
that grain boundary diffusion becomes more competitive at lower temperature
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because lower activation energy associated with grain boundary diffusion makes it
less sensitive to temperature change. In other words, the diffusion rate along grain
boundaries decreases less rapidly than the diffusion rate through the lattice as the
temperature is lowered [51].
3.2 Diffusion in thin films
Diffusion in thin films generally corrupts the properties of a deposit and thus
deteriorates the industrial application for which it was designed. This may be
particularly so at the metal-film interface. For instance, in the case of deposits for
decorative purposes, diffusion of the coated underlayer to the surface will severely
deteriorate its original appearance [5.0].
However, diffusion is sometimes regarded as a beneficial phenomenon. In some cases
it is even desirable. A typical example is diffusion welding where diffusion ensures a
strong adhesion of the welded parts. Diffusion is also widely used as a method to
create diffusion coating, especially in the steel industry as one of the options for
corrosion protection. In this case, steel is often coated with a layer of metal in the first
place, then via interdiffusion a strong intermetallic coating is formed which is the key
for effective protection [49]. Another positive application of diffusion is the creation
of alloys. It is usually achieved by first depositing alternate layers of different
coatings and then creating an alloy by heating to promote interdiffusion [50].
3.2.1 Voids
Sometimes interdiffusion between two metals is uneven which eventually results in a
situation of creating vacancies or, if they coalesce, voids. These voids are usually
caused by unequal mobilities between a metal couple and they occur individually near
the coating-substrate interface. With time, these voids, like bubbles, coalesce and
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finally lead to interfacial porosity and loss of strength. Many coating-substrate
couples exhibit this phenomenon, which is referred to as Kirkendall void [52]. The
Kirkendall effects are depicted schematically in Fig 3.2.
A
A3B~~~~~~~~~~~~~~~
~~~~~__;"._";),-~~~~~__;,,._~ AB2
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Kirkendall Porosity
Fig. 3.2 Kirkendall voids (A, B indicates two different metals, AxBy is intermetallic
compound, D and D' are coefficient of bulk diffusion and grain boundary diffusion)
[50]
As can be seen from Fig 3.2, metal A is deposited on metal B and two possible
diffusion mechanisms exist, namely, bulk diffusion and grain boundary diffusion.
Bulk diffusion is defined as the transfer of metal B into metal A or A into B through
the crystal lattice, whilst the grain boundary diffusion is the atom migration along
lattice defects. Bulk diffusion and grain boundary diffusions are characterized by the
coefficient D and D' respectively in the figure. Two possible AxBy intermetallics are
shown between A and B. Kirkendall voids are indicated within metal B formed by the
unequal interdiffusion rates between A and B.
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The Kirkendall effect is a time and temperature-dependent phenomenon. It takes place
even at room temperature for some metal couples [52]. As a general rule, both
increased temperature and prolonged diffusion time favour the formation of
Kirkendall voids.
The Kirkendall effect is of considerable theoretical importance since it confirms the
existence of the vacancy diffusion mechanism as mentioned in Section 3.1.2. This is
because the observations cannot easily be accounted for by any other postulated
mechanisms of diffusion, such as direct place-exchange [52].
By choosing the right metal couples, Kirkendall voids can, however, be easily
prevented. A typical example is platinum coating. It is subject to the Kirkendall void
creation process on copper substrate; however, the same coating on electrodeposited
nickel substrate is free of such even if heated to 600°C for many hours [50].
3.2.2 Diffusion barriers
Diffusion barriers are usually a layer, or, several layers of coating which are designed
to, specifically protect against undesirable diffusion processes [53]. In the electronic
industry, nickel and nickel alloys are often used to block diffusion of copper into and
through overplated gold. This is achieved by the deposition of a relatively thin Ni-P
layer between the copper and its overlayer. Naturally, the effectiveness of a diffusion
barrier is largely dependant on its thickness. As a general rule, a better blocking effect
is usually achieved by a thicker barrier layer. In addition, there are some other factors
which may affect the effectiveness of a diffusion barrier, for example, the grain size
and the preferred crystalline orientation [53]. The concept of barrier layers is further
discussed in Section 3.3.4.
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3.3 Interdiffusion in the Cu-Sn-Co bearing system
As mentioned in Chapter 1, high-load engine bearings are usually made of a three-
layer structure consisting of a steel back bonded with copper-lead alloy, on which an
overlay alloy is electroplated. Recent automobile engines have adopted a compact and
lightweight construction with increased valve types and numbers. Therefore, severe
operating conditions of high speed and load have been imposed on engine bearings
through these changes which have lead to an increase in the temperature of the engine
oil and the components in contact with it. Consequently, higher engine oil temperature
accelerates the diffusion between the tin in the overlay and the substrate. Thus the tin
content in the overlay gradually decreases, resulting in a lower corrosion resistance
for this layer [53].
The decrease in tin content in the overlay due to diffusion also reduces the mechanical
strength of the coating; resulting in a lower resistance against wear, fatigue and
cavitation erosion.
Because of the modern three-layered bearing structure, diffusion of the tin usually
results in the formation of a brittle Cu-Sn intermatallic compound in the boundary
region between the overlay and underlying copper alloy. Therefore, the overlay is
easy to be detached and finally causes early fatigue failure. To prevent this, a metal
diffusion barrier of 1-3 urn thickness is usually applied at the interface between the
copper alloy and the overlay [53].
3.3.1 Sn and Cu system
Tin based alloy coatings have been studied extensively in the past. However, these
investigations were mainly focused on the electrical and electronic industries because
of the unique properties of tin, such as ease of soldering, high resistance to corrosion
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and good electrical conductivity. Amongst a large number of tin alloys, Sn-Cu alloy
drew great attention because interaction between Cu and Sn is an essential process in
bonding component in many electrical and electronic devices. Extensive literature
exists in this area ..
In 1967, Dyson, Anthony and Turnbell reported that interstitial diffusion was the main
mechanism for diffusion between noble metals, such as Cu, and white Sn. According
to their calculation, the diffusion coefficient D of Cu along the a and c axes of tin is
about 0.5 x 10-8 and 2x10-6 cm2 S-1 respectively at room temperature [54]. This means
that the mobility of Cu atoms into Sn is sufficiently high so that the growth of Cn-Sn
intermetallic phases is likely to occur at, or near, room temperature.
Following their work, Tu systematically studied the interdiffusion of the Cu-Sn couple
[55, 56, 60]. Three groups of layered polycrystalline Cu-Sn thin film were prepared
with different layer thicknesses and then annealed at four different temperatures: -2,
20, 60 and 100°C [55]. The results indicated that two interdiffusion compounds in
bimetallic Cu-Sn thin films were formed, namely, E-(Cu3Sn) and l1'-(Cu6Sns) phases
[55]. The l1'-(Cll6Sns) phase is an ordered structure which was found to initiate and
grow at all experimental temperatures, even down to -2°C. In contrast, another
ordered structure, the E-(Cu3Sn) phase, was only present in those specimens that had
been annealed above 60°C.
Tu later carried out preliminary investigation on the kinetic information behind the
growth of CU3Sn and Cu.Sn, with Thompson using Rutherford backscattering
spectroscopy and glancing-incidence X-ray diffraction [56]. Similar to his previous
research, no growth of CU3Sn compound was observed between Cu and CU6SnSfilms
at room temperature. Linear growth of CU6SnScompound was identified in bimetallic
Cu-Sn thin films. For the CU3Sn phase growth between Cu and the CU6SnSfilms at a
higher temperature, a parabolic rate of reduction of Cu.Sn, was .observed. A flash of
tungsten was deposited between the Cu and Sn as diffusion markers to study the
52
interdiffusion preference during the room temperature reaction. At the end of the
experiment, the Wmarker was found at the Cu side of the couple, which indicates that
Cu is the dominant diffusing species in forming Cll6Sns.
At the same time, investigators studied the interfacial reaction in electroplated
bimetallic Sn-Cu thin films using Auger depth profiling and X-ray diffraction
measurements [57]. Direct experimental evidence suggested the formation of
intermetallic compounds, the 11'-(Cll6Sns)phase at room temperature and E-(Cu3Sn)
and T}'-(Cll6Sns)phases at 150°C. No quantitative analyses were performed in their
studies; however, they noticed that the solid phase diffusion reaction in the Sn-Cu
interface proceeded quickly in its early stage. This is consistent with the fact that the
diffusion of copper into tin is very fast [54].
Chopra, Ohring and Oswald also placed inert markers of molybdenum at the Sn-Cu
couple interface to identify the faster moving element of the couple [58]. AES spectra
were recorded after the Sn-Mo-Cu specimen was heat treated in a vacuum at 110°C
for 8 hours. After heat treatment, a complete shift of the Mo marker to the top surface
had occurred as the result of intermetallic Sn-Cu compounds forming. This result was
in good agreement with Tu that the Cu was the dominant diffusing element in the Cu-
Sn diffusion couple. They estimated the difference in diffusivities IDsn-Dculto be
about 10-14cm2 s-I.
.Later in 1996, Kim, Suh and Kwon investigated the interdiffusion reaction between
Cu-based leadframe and electrodeposited Sn-Pb alloy [59]. The plating was
conducted at room temperature using either a direct current or a pulse current in
methanesulfonic acid solutions with magnetic stirring at 100 rev min-I. The
microstructure of the 80Sn-20Pb alloy formed using direct current was very coarse
and angular, while that formed using both pulse current and direct current with
additive was extremely fine and round. Subsequent heat treatment indicated that the
thickness of the intermetallic phase not only increased with aging time, but also
53
strongly depended on the deposition conditions. The intermetallic compounds in the
pulse plated sample grew fastest, whilst the sample deposited from the solution
containing the additive grew most slowly in spite of having the same microstructure
as the pulse plated sample. The high intermetallic formation rate associated with the
pulse plated sample is probably a result of the high diffusion rate provided by an
extremely fine structure. On the other hand, additives incorporated at the grain
boundaries during the plating process inhibit grain boundary diffusion of Sn to form
intermetallic phases; therefore, the diffusion is the slowest. They also found that the
intermetallic compounds formed by aging are very brittle. With bending deformation,
brittle cracks are likely to be initiated. The cracks were most serious for the pulse
plated sample, and the least for the sample deposited in the bath containing the
additive.
Following his extensive work in the 1980s, Tu presented another paper in 1996
introducing his new findings. The results indicated that the thin Sn film was under a
biaxial compressive stress during the aging process at room temperature [60]. The
growth of Cu.Sn, is thought to be the reason for the generating of this kind of strain.
As known, Sn and Cu.Sn, have different densities so that the formation of the higher
density compound, Cll6Sns, compresses the Sn layer, which in turn squeezes out the
whiskers (Fig. 3.3)--a crystalline metallurgical phenomenon whereby tin grows tiny,
filiform hairs [61].
Tu also compared a thin film reaction with a soldering reaction [62]. The difference
between the two is that the latter occurs almost in the liquid state. Rather than the
typical layer-type thin film interfacial structure, a scallop-type Cu.Sn, compound was
formed between the solder and the Cu (Fig. 3.4). The formation of this morphology is
due to the existence of elemental Pb. Cu reacts only with Sn, not with Pb. During the
diffusion process, the Pb must be expelled from the reaction front into the molten
solder thus scallops are subsequently produced. The scallops contain the unreacted but
expelled elemental Pb. The scallops formation prevent the Cu-Sn grains from joining
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together to form a continuous layer. If the reaction only involved molten pure Sn and
Cu, a layer-type rather than this scallop-type intennetallic compound would still be
expected.
Sn-whisker
Cu-Sn
compound
Sn--~----------------~
Fig. 3.3 Spontaneous growth of a whisker from a Sn film deposited on top of a Cu
film [60]
SnCu
intermetallic
Scallop (Pb)
Fig. 3.4 SEM images of a cross-section of eutectic SnPb on Cu aged at 200°C for 10
min. The arrow indicates the unreacted scallop-type Pb [62]
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Besides Tu, many other researchers reported the reactions between Sn and Cu and the
spontaneous tin whisker growth during isothermal aging [63, 64].
Song, Yu, and Lee investigated the stress development in the very early stage of
reactions [65]. During their experiments, the Sn films were electroplated on Cu
substrate at room temperature from a solution containing SnS04, H2S04, and
additives. The thicknesses of the Sn layers were 0.06, 0.2 and 0.5 urn, respectively. x-
ray diffraction (XRD) and transmission electron microscopy (TEM) were used to
investigate the microstructural changes and the phase transformations. As expected,
two intermetallic phases CU3Sn and Cll6Sns were formed due to the solid state
diffusion. Kirkendall voids also appeared because of the large difference in
diffusivities of Cu in Sn and Sn in Cu. An interesting phenomenon was that the
Kirkendall voids were not found in the 0.06 urn sample. The reason behind this is that
the diffusion of Cu was not enough to form the Kirkendall voids because Sn was only
0.06 urn thick and it was fully consumed before the formation of voids could take
r place. As to the residual stress, they noticed that the tensile force was initially induced
in the films and after a short period, the tensile stress developed into a compressive
force during the formation of Cu-Sn intermetallic compounds. The initial tensile force,
they thought, was produced by the interdiffusion at the interface between Cu and Sn
films, which led to the volume shrinkage of the films. On the other hand, the
compressive force began to appear due to the dominant diffusion of Cu into the Sn
side and this finally resulted in the volume expansion in the films.
Takenaka et.al investigated different Sn-Cu diffusion mechanisms atvarious diffusion
temperatures [66]. They concluded that the volume diffusion is the rate-controlling
process for the Sn-Cu diffusion couple at higher annealing temperatures whilst when
the annealing temperature is lowered, the grain boundary diffusion begins to dominate
the process and the grain growth occurs at certain rates [66]. Results by Vianco [67]
and Onishi and Fujibuchi [68] have also reached a similar conclusion.
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Recently Labie et al. studied the solid state diffusion in Cu-Sn diffusion couples, but
this time the Cu supply was limited [69]. Their work indicated that the CU3Sn layer
grew at the expense of CU6SnSas long as there was a sufficient source of Cu [69].
Kirkendall voids appeared as soon as the Cu-rich intermetallic, CU3Sn, expanded and
they mainly appeared in the neighbourhood and on the CU-Cu3Sn interface. This is
because, as mentioned previously, Cu is the fastest diffusing element in Sn-Cu couple.
Since the supply of Sn was in excess in this case, and therefore the Cu supply was
strongly limited, the Cu-Sn-phase was transformed back to the Sn-rich CU6SnS
intermetallic phase. After 1000 h of ageing at the highest temperature, there were only
small amounts of Cu3Sn left and it was only present in some local areas. Therefore it
can be assumed that Cll6Sns became the dominant phase again. In addition to the
morphological investigation, they also confirmed that grain boundary diffusion is the
dominant mechanism at low temperatures. In contrast, bulk diffusion usually occurs at
higher temperatures. According to their calculation, an activation energy of 138 kJ
morl is obtained at higher temperature diffusion, and in the case of lower temperature
diffusion, the activation energy is 64 kJ mol". A large difference exists between the
activation energy they calculated and activation energy values from references. The
reason was thought to be the high impact of the sample preparation on the diffusion
kinetics [70]. Table 3.1 shows the comparative study of Cu-Sn interdiffusion
activation energies.
According to Yang and Messler [70], Kirkendall voiding was only observed with
electroplated Cu. For similar ageing experiments on rolled Cu sheets, no Kirkendall
voids were present.
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Table 3.1 Comparative study ofCu-Sn interdiffusion activation energies [69, 71-73]
Diffusion Temp(OC) Q(kJ mol") Referencesystem
Electrodeposited
(ED) Cu-Sn 100-150 64 [69]
150-175 138 "
Rolled Cu-ED
Sn matt 70-170 29 [71]
Phosphor
bronze-ED Sn 22-140 26 [72]
140-220 49 "
Phosphor
bronze-HALT 22-220 49 [72]Sn
Rolled Cu-
HALTSn 70-135 25 [73]
170-205 105
3.3.2 Sn and Co system
The Co--Sn system is receiving more and more attention due to its special features. To
date, the most important application of Sn-Co alloy is to replace chromium
electroplating to solve the problem of toxicity caused by the chromium (VI)
electroplating solutions [1]. As shown in the literature, the amorphous Co--Sn alloy
can be produced by different electrodeposition techniques within a relatively wide Sn
composition range [74--77]. The deposited Co--Sn alloys generally show excellent
property combinations of high adherence, tarnish proof ability, good corrosion and
wear resistance, and at the same time, retain a similar colour and lustre to that of
chromium plating [78, 79]. In order to further develop Co--Sn alloys, a complete
thermodynamic description of this system is needed. However, no thermodynamic
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description of the Sn-Cu system exists at the present time.
The thermal equilibrium diagram of Co-Sn system (Fig3.5) shows three intermediate
phases: CoSn, C03Sn2 and CoSn2. CoSn2 has a tetragonal structure and is stable up to
the temperature of 800 K [80, 81]. CoSn is of hexagonal structure and stable below
1209 K. Two C03Sn2 compound modifications have been reported in the same
literature [80]. Amongst them the high-temperature hexagonal P-C03Sn2 phase is
stable up to the melting temperature of 1443 K; the tin concentration range for P-
C03Sn2 compound is 35-42%. The a.-C03Sn2 phase is of orthorhombic structure and
reported in the miscibility range of 41-42% of tin.
The Co-Sn intermetallic phases have been experimentally studied in a number of
investigations [82-90]. These conclusions, with the exception of [88-90], have all
been fully evaluated by Ishida and Nishizawa [91]. Fig. 3.5 shows the evaluated Co-
Sn phase diagram by Ishida and Nishizawa [91].
Comert and Pratt [87, 89] have carried out a systematic study of the Co-Sn system. In
their latest work [89], optical metallography, X-ray diffraction, Differential
thermal gravimetric analysis and solid electrolyte galvanic cell techniques have all
been used to determine the phase equilibrium of Sn-Co alloy containing Sn in a range
from 0 to 60%. Together with their previous results, the phase regions of P-C03Sn2
and a-C03Sn2 have been well established. The transition temperature between p-
C03Sn2 and a-C03Sn2 was determined for the first time to be 567°C with an
uncertainty of ±17 °C. Recently, Lang and Jeitschko found two new phases in Sn-Co
alloy system in Sn-rich portion through X-ray analysis, namely, p-CoSn3 and a-CoSn3
[90]. The reaction L+CoSn2+-+p-CoSn3was measured to take place at 345±2 °C, while
the transition p-CoSn3 +-+a-CoSn3 occurs at 275±5 °C. Additionally, the temperature
ofL+CoSn+-+CoSn2 was also reported to be 571±3 °C.
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Fig. 3.5 Co-Sn equilibrium phase diagram evaluated by Ishida and Nishizawa [91]
Not much literature is available about the interdiffusion between Sn and Co.
Wodniecki [92] prepared two Co-Sn samples with a Sn layer of 360 nm and of lum
onto 5 urn Co. These samples were subsequently annealed at 200°C and 400 DC.The
results indicated that the interdiffusion of the bilayer occurs even at room temperature
and the CoSn phase is the only compound observed. Annealing of the samples at a
higher temperature increased the thickness of the intermetallic layer and again only
CoSn was found after the thermal treatment process.
Most existing literature about the Sn-Co alloy structure are based on cast alloys.
However, electroplated Sn-Co alloy is of same importance. Hemsley and Roper
reported that this electrodeposited alloy is likely to be in the tetragonal form of CoSn2
[93]. On the other hand, the X-ray diffraction studies by Clarke et al. showed that the
tin-cobalt alloy obtained from their acid fluoride bath was the CoSn phase [94].
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However, this CoSn phase has a cubic structure which largely differs from the
hexagonal cast CoSn structure.
Later Jean et al. extensively investigated the electrodeposited tin-cobalt alloy
structures using Mossbauer spectroscopy and X-ray diffraction [95, 96]. In their
studies, no indication of CoSn2 as found by Hemsley and Roper was claimed [93].
Instead, metallic cobalt, P-C03Sn2, cubic CoSn and dissolved tin were found as the
main components of the Sn-Co electrodeposition obtained from mildly alkaline
sulphate electrolyte. The results also confirmed that cubic CoSn is the most important
intermetallic compound at the early stage of deposition. However, when the
concentration of electro active tin in the plating solution decreases, the formation of p-
C03Sn2 begins to be dominant. These electroplated samples were subsequently heat
treated at 400 °C for 3 hours in an argon atmosphere. The following reaction took
place during heat treatment which resulted in a change in the composition of the
deposit
(3.4)
The result is in good agreement with that published by Clarke et al. [94].
Syjatha's research showed distinct structural changes in the electroplated Sn-Co alloy
phase with increase in cobalt content from a neutral gluconate bath as shown in Table
3.2 [97]. Their results also confirmed that the existence of the CoSn phase is
responsible for the excellent properties of the alloy deposit.
The X-ray diffraction study by Abd et al. revealed that the phase structure of the
deposits from a gluconate bath is controlled by their composition [98]. It was
suggested that a hexagonal close packed, C03Sn2 phase, and a minor quantity of the
hexagonal close packed a-Co lattice are the main components in the cobalt rich alloy.
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On the other hand, in the tin rich portion (88% of tin) both a tetragonal COSn2phase
and minor quantities of tetragonal p-Sn form crystals were identified. The CoSn2
deposit, according to their results, consists of regularly oriented fine grains. .
Table 3.2 Structural changes of electroplated Sn-Co alloy phase with increase in
cobalt content [97]
Cobalt content Composition
5% Sn
10% Sn,CoSn
20% CoSn, COSn2
29%-35% CoSn
50%
Nemoshkalenko et. al. [99] investigated the formation mechanism for tin-cobalt
compounds. The results indicated that the Co-Sn bonds can be regarded as donor-
acceptor bonds due to the transfer of electron density from the Sn to the Co atoms,
where the binding energy of the electrons become stabilised towards CoSn2.
3.3.3 Cu and Co system
In comparison to the Sn-Cu and Sn-Co systems, the Cu-Co couple has been less
studied. Shih et.al [100] studied the interdiffusion between Cu and Co using
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Rutherford backscattering spectrometry and the results did not show any traceable
evidence of diffusion between Co and Cu. Such a result can be predicted because the
solubility of Co in Cu [101] is negligible at the temperatures below 400 °C. Therefore
the driving force for Co to diffuse into Cu is lacking. By the same reasoning, only a
small amount of Cu can outdiffuse through the Co layer and be detected on the Co
surface because of the limited solubility ofCu in Co [102]. To conclude, in the Cu-Co
system, Cu diffuses through the Co layer but with virtually no Co diffusing into the
Cu layer which represents such a system that diffusion only occur in one direction.
Because the annealing temperature used in their study was relatively low (400 °C),
defect-assisted diffusion may be the dominant mechanism. Thus the Cu films having
larger grains should possess less defect paths for diffusion and, as a consequence, may
be less vulnerable to diffusion.
3.3.4 Diffusion barrier layer
As mentioned previously, diffusion barriers are designed to protect against
undesirable diffusion processes. In order to assess the diffusion effects, a series of
tests were carried out on copper and brass substrates by Kay and Mackay [103]. The
substrates were electroplated with a number of different barrier layers and then with
an excess of tin as the top layer. After sample preparation, heat treatment was finally
applied to simulate accelerated storage and operation periods and observations were
made on the resulting intermetallic compound layers between the substrate and the tin
coating. The barrier layer thickness and tin coating thickness were 5 urn and 25 urn
respectively, so a sufficient excess of tin was provided even if complete reaction of
the barrier materials occurred.
The choice of barrier layers was limited mainly by the availability of metals or alloys
which were, or could be easily electroplated, commercially. Thus nickel, being
already used as a diffusion barrier layer, was investigated primarily. Other barrier
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layers used were nickel alloy, lead, silver, cobalt, iron and tin (Fig. 3.6). Because
cobalt, tin, tin-nickel contain elements of the bearing system, they are not further
discussed here. Moreover, lead is a toxic metal and the elimination of it is the main
aim of this project, so it is not suitable as well. As to silver, the cost deters its
application.
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Fig. 3.6 Compound thickness growths for tin on various barrier metals and on un-
preplated copper and brass, at 170°C [103]
However", nickel was reported as a potential allergen and carcinogenic source which
has caused concerns for some surface finishers and for them to re-assess its uses
[104,105]. In view of this, the utilisation of nickel has been controlled by the
Commission of the European Union (EU) [106] in 1994. Direct contact with human
bodies is prohibited which was defined as Ni2+ releasing of more than
0.5 grn/cmvweek. However, Canada and USA have not implemented similar controls.
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Thus, for long term planning, it is desirable to eliminate the use of nickel as the
diffusion barrier in the future.
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CHAPTER 4
FAILURE OF PLAIN BEARINGS
4.1 Fatigue failure
Fatigue is the most commonly identified failure mode of structural metals [107]. From
the viewpoint of the plain bearing industry, it is a progressive, localised, and
permanent structural change that occurs on the lining/overlay surface subjected to
repeated and fluctuating strains, which may produce cracks and cause fracture after a
sufficient number of fluctuation. Fig. 4.1 shows the typical fatigue failure of plain
bearing overlay.
Fig. 4.1 Fatigue failure of plain bearing overlay [108]
4.1.1 General fatigue mechanism
Fine and Chung summarised the development of a fatigue mechanism in the last
century and published a conclusive article in the ASM handbook [109]. Generally,
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fatigue damage is caused by the simultaneous action of cyclic stress, tensile stress,
and plastic strain. If anyone of these three is not present, a fatigue crack will not
initiate and propagate. The plastic strain resulting from cyclic stress initiates the crack;
the tensile stress promotes crack growth.
During the early stage of fatigue, microcracks are formed. After that, depending on
fatigue conditions, some of the microcracks coalesce to a macro crack while some of
them grow on their own. When the fracture toughness of the bearing overlay/lining is
finally exceeded, detachment of overlay from lining appears. It is generally accepted
that the principal mechanism of microcrack initiation in materials is strain localisation
produced by irreversibility in the cyclic slip process [110-113].
According to various authors [110-113], the fatigue failure process can be divided into
five clear stages.
1 Cyclic plastic deformation prior to fatigue crack initiation,
2 Initiation of one or more microcracks,
3 Propagation or coalescence of microcracks to form one or more macrocracks,
4 Propagation of one or more macrocracks,
5 Final fracture failure.
Some slip steps are usually created before fatigue microcracks appear. Generally,
these slip steps can be cancelled if the loading is a perfectly reversed one. However,
the loading is never perfect and slip steps eventually occur on many planes. The
accumulation of these slip steps causes cyclic plastic deformation and finally
dislocations emerge at the surface which leads to severe surface roughening.
Sometimes features called extrusion and intrusions clearly form on the surface [114].
In 1956, the term 'persistent slip band' was introduced by Thompson [115]. He
examined polished surfaces of copper and nickel after various amounts of cyclic
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deformation and observed many slip bands. The author called such slip bands
'persistent'. Persistent slip bands in copper have a ladder-like dislocation structure
[116-118].Ungrouped veins or braids of dislocations occur in the surrounding matrix,
which means very extensive plastic deformation occurs in the persistent slip bands.
Actually, plastic deformation in slip bands produces regions of intense surface
roughness, and this is quite general for all metals. Persistent slip bands or plastic
strain localisation occurs more readily as a result of cyclic deformation than during
monotonic deformation.
If the accumulation of cyclic plastic deformation progresses to a certain extent,
microcracks may finally appear. The mode of fatigue crack initiation depends on
which occurs most easily and varies notably. Sometimes the microcracks progress
along slip bands and sometimes they occur in grain boundaries (polycrystalline
materials), in second-phase particles, or even at inclusion or second-phase interfaces.
In the case of single crystal metals, for example Cu, the dislocations continuously
emerge at the surface rather than pile up against obstacles and eventually the slip
bands become the cracking site. On the other hand, if some obstacles exist in the
metal structure, such as grain boundaries, inclusions, oxide films and domain
boundaries, the dislocation may pile up around these obstacles and cyclic dislocation
around the obstacles can finally lead to the crack propagating in the surrounding
matrix, or decohesion along the grain boundaries.
4.1.2 Bearing overlay fatigue
Burakoski and Wierzchon summarised the factors which may affect the fatigue
strengthof an overlay [119].
a) Type and value of loading and its variations with time.
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b) Technological properties of the overlay, especially spatial geometrical and
structural properties.
c) Sudden change of above mentioned properties, resulting in the sudden change
of stresses, both residual and external load induced. It is known that these
sudden changes may affect the plastic strain and persistent slip bands of the
surface overlay, which in tum affect the initiation and propagation of
microcracks. Depending on circumstances they may cause a lowering or
increase of fatigue strength.
d) Technological environment to which the overlay is exposed during service,
especially its corrosiveness and temperature.
It is thought that the strongest effect on the overlay is its surface roughness. The
asperities and valleys resulting from plastic deformation and dislocations may act as
the initiation sites of microcracks, therefore the rougher the overlay surface, the easier
the microcracks can occur and the lower the fatigue strength. On the other hand, by
reducing surface roughness, it is possible to obtain an improvement of fatigue strength
of several tens of percent [120,121].
Most investigations about surface coatings to prevent fatigue crack initiation have
focused on suppressing the development of the critical persistent slip band surface
morphology via the use of high hardness coatings [122]. Some hard coatings have
already been successively,applied in practice because the application of hard coatings
can remarkably improve the fatigue strength of the surface layer by suppressing the
critical persistent slip band morphology. However, the use of hard coatings has been
limited because cyclic loading can initiate cracks by another mechanism [123-126].
During this secondary crack initiation mechanism, subsurface persistent slip bands
intersect the surface film, followed by intense slip in the vicinity of the rupture, thus
eventually leading to rupture of the film [127].
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In practice, the fracture usually consists of three stages, micro-crack initiation, stable
growth of the cracks, and unstable propagation which leads to the final catastrophic
failure. Because no engineering materials are structurally perfect, in other words, no
materials is defect-free, little can be done to prevent the initiation of microcracks.
Therefore it is thought that the best strategy to control fatigue failure is to minimise
the crack in the stable crack growth region. Extensive efforts have been carried out to
find ways of slowing down the fatigue crack growth rate or even arresting the
dominant crack. Laminating materials to form a multilayer composite has been
demonstrated in recent years as a promising method to minimise fatigue failure [128].
Being laminated, the multilayer composite usually exhibits better mechanical
properties, such as yield strength, ultimate tensile strength and fracture toughness than
the individual component. The toughening mechanism is attributed to i) the primary
crack deflection along the brittle-ductile interface, or ii) multiple cracking in the
brittle layers in a well bonded multilayer where ductile metal layers bridge the cracks
and maintain the integrity of the composite [128].
Stoudt, Ricker, and Cammarata reviewed the surface coating fatigue fracture
mechanism and concluded that for maximum resistance to fatigue crack, a surface
film should possess five different properties [129]:
a) Hardness - to suppress the development of the critical persistent slip band-
induced surface morphology,
b) Toughness - to resist cracking where subsurface persistent slip bands intersect the
film,
c) Cyclic work hardenability- to prevent slip localisation,
d) Residual compressive stresses - to minimise the effects of tensile stresses,
e) Adherence - to maintain firm surface film contact with the substrate.
Base on these five presumptions, multilayered surface coatings also emerged as an
ideal anti-fatigue material that maintains specific structural relationships within the
70
layers, and also between the film and the substrate. Furthermore, it is easy to adjust
surface coating properties by changing different layer thickness ratios or by simply
changing the composition ratio inside each single layer [130, 131, 132]. Therefore, the
resulting multilayered coating often displays properties that exceed those predicted by
a rule-of-mixtures relationship of the individual constituents. Metallic multilayers
comprising of multiple alternate layers of at least two suitable metals have shown
enhanced tensile strength and microhardness [133-136].
Early theoretical prediction of these multilayer materials was made by Koehler in
1970 [137]. A multilayered structure consisting of two metals, A and B was proposed,
in which metal A has a higher elastic modulus than metal B. In this case, the interface
of the structure showed a strong barrier effect to block the dislocation glide from B to
A. He also noticed that the thickness of metal A and metal B must be as small as
possible to suppress the generation of new dislocations in the layers. Koehler
concluded that the multilayered metallic composite with ultra-thin layer thickness
should exhibit a greater resistance to plastic deformation than the homogeneous alloys
with the same overall component composition.
Numerous efforts have been made to confirm Koehler's prediction experimentally. A
considerable increase in tensile strength with decreasing layer spacing was reported
by Lehoczky [138]. He studied AVCu multilayer composites and found that Koehler's
theory predicts the strength level quite well for samples with individual layer
thickness below 50 nm. Tench et al. [139] systematically studied the relationship
between tensile strength and the layer spacing (from 3.20 J..Lmto 1 nm) using NilCu
multilayered composites and gave an overall view of the dependence of tensile
strength on the layer thickness. A sharp increase in tensile strength with decreasing
layer spacing was observed when the layer thickness changed from 500 nm to 10 nm.
Similar enhancement in microhardness was also reported by Kim et al. [140] in the
AglAI system and Bunshah et al. [141] in Fe/Cu and CulNi systems.
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Recently Wang and Singh designed a group ofNi/Sn samples to study the mechanical
properties of multilayered composites [142]. Their results showed that a pure Sn layer
exhibited very ductile behaviour under an external force due to its multiple dislocation
glide systems. However, the multilayers were less ductile than the pure component
metals, for example, Sn. This less ductile phenomenon of multilayers was due to the
barrier effect of the interfaces in blocking dislocation glide. Therefore, dislocations in
soft Sn layers cannot glide across these interfaces. Instead, the dislocations piled-up at
the Ni-Sn interfaces and finally led to work-hardening at these interfaces. In the
samples with a constant Ni layer thickness but varied Sn layer thickness, they noticed
that the tensile strength increased very quickly with decreasing Sn thickness and this
was mainly attributed to the strength contribution of the stronger Ni component. Since
the bilayer thicknesses for this group of samples were relatively large, from 14.3 to
31.3 urn, the size effect of the multilayers on the strength of the composites was not
prominent. However, for the samples with a constant Sn content but varied bilayer
thickness, the tensile strength showed a strong dependence on the layer spacing. The
bilayer thicknesses for this group of samples were relatively small, from 0.23 to 11.5
urn, thus, the layer spacing had a dominant effect on the strength of these composites.
The strengthening mechanism in this group of samples was attributed to the barrier
effect of the interface to dislocation glide, which depends on the layer spacing and
dislocation line energy gap between the two different phases. The dislocations have
shorter mean glide distance in the thinner layer; therefore the plastic deformation in
these samples becomes more difficult than that in samples with thicker layers.
Consequently, the stren gth of the composite was enhan ced but the ductility was
reduced. A larger elastic modulus difference between the two adjacent metal layers
increased the difficulty of dislocation glide from the softer phase to the harder phase;
therefore, the strength was increased. This enhancement in strength can be explained
by two general models. One is the well known as the Hall-Petch relationship [143,
144], and another one is Koehler's relationship [137].
The Hall-Petch relationship is widely used for polycrystalline materials. It deals with
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the connection between the grain size, or crystallite size, and the yield point of a
material
a = a + kd-1/2y 0 (4.1)
where,
cry = Yield stress of material,
d = Average diameter of the grains. In a multilayer system, d denotes the layer
thickness,
cro, k =Material dependent constants
Koehler's relationship gives the dependence of shear strength on the elastic modulus
of the two component metals as well as the layer spacing. Suppose the multilayer
composite consists of two metals. If metal A has a higher modulus than metal B, then
the shear stress crt required to drive the dislocation within the layer thickness d is
determined as [137],
(4.2)
where,
GA = Shear modulus of metal A,
Gs = Shear modulus of metal B,
b = Burgers vector for metal B,
e =Angle between the interfaces and dislocation glide planes.
Shear modulus is the coefficient of elasticity for a shearing force. This expression
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gives a linear dependence ofthe flow stress on the reciprocal of the layer thickness.
The Hall-Petch relation is based on the pile-up of a large number of dislocations at
the grain boundary or the interface of multilayers. When the grain size or the layer
spacing is extremely small, the extension of this relation is not valid [137]. On the
other hand, the derivation of Koehler's relation is based on the image force on
dislocations which becomes dominant when the layer thickness is very small, say 30
nm or less. Thus, the Hall-Petch relation is applicable to multilayered composites
with a layer spacing of tens of nanometres or more. In this range, the yield strength is
expected to be proportional to the inverse of the square root of the layer spacing.
Below this range, Koehler's modulus model should be more applicable, and in this
regime the yield strength is expected to be proportional to the reciprocal of the layer
spacmg.
4.2 Corrosion
Corrosion is not a big problem in automotive engines where distillate fuels are used.
In contrast, for medium-speed diesel engines, corrosion is far more serious because of
the use of residual fuels and degraded oil which contain relatively high sulphur
contents.
Fig. 4.2 shows the typical corroded surface of bearing overlay.
Bearing corrosion is usually generated by compounds in the lubricant system in the
form of chemical attack on the bearing alloy. Sometimes these compounds are foreign
to the lubrication system, as in the case of water or engine coolant, but in most cases it
develops during operation as a result of oxidation of the oil due to increased oil
change intervals or high temperature operation. The bearing corrosion damage may
take place by either the direct removal of one more of the alloying elements or the
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formation of a brittle oxide over the bearing surface, when it operates in a corrosive
environment. In the former case, the corrosion prone component in the alloy is partly
or completely removed from the matrix which results in a weakened structure. The
weakened structure can no longer carry the external loads, and finally large sections
of the overlay material can be removed by fatigue. A brittle oxide film is likewise a
weak material. Consequently, a bearing with oxidised surface is more susceptible to
fatigue failure than the original bearing.
Fig. 4.2 Corroded surface of a plain bearing overlay [145]
Various investigators have carried out tests on bearing overlay corrosion, but most of
them were for lead-based alloys. One of the best known works was carried out by
Wilson and Shone [146, 147]. More recently Crooks and Eastman [148] investigated
and reported on the effects of alloying elements, the use of an interlayer between the
overlay and lining, and operating temperature. They all found that the corrosion
resistance of a traditional lead-based overlay is heavily dependent upon the presence
of the alloying elements. Wilson and Shone [146, 147] reported that minimum levels
of 3% tin and 5% indium is essential if corrosion is not to become a serious problem.
Therefore, a nickel or copper interlayer is quite beneficial to prevent serious corrosion
occurring because the interlayer can suppress the diffusion of tin and indium in lead-
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based bearing overlays, thus keeping them well above the critical value.
4.3 Wear
The majority of plain bearings operate under conditions of hydrodynamic lubrication.
Therefore, if the engine never had to stop or start and no shaft deflection exists, the
continuous oil film can be maintained at all times between the bearing surface and
shaft and significant wear would not take place.
Unfortunately, these ideal conditions are never obtained, and it seems unlikely that
they ever could. That means the bearing surfaces have to suffer conditions of wear
resulting from shaft deflection, bearing-shaft minor misalignment and even from dirt
from various sources.
Dirt is the main enemy of bearings [149]. Dirt can reach the bearing-shaft system by
one of four common ways [150]:
1) Improper cleaning of the engine parts prior to assembly;
2) Dirt entering the engine through the air intake;
3) Wear or failure of other engine parts resulting in small fragments of these parts
entering the engine's oil supply;
4) The oil filter becoming blocked so that the by-pass valve comes into operation
and unfiltered oil is circulated.
Wear by dirt particles is very severe and may lead to bearing damage and perhaps
eventual seizure between bearing and shaft. Fig. 4.3 shows the wear surface due to
edge loading Idistorted crankshaft.
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Fig. 4.3 Wear of bearing overlay due to edge loading Idistorted crankshaft [151]
Another common cause of bearing wear is an insufficient oil film. Sometimes, the
roughness of a mating shaft is greater than the thickness of lubrication oil fi1m formed,
thus leading to the direct contact between shaft and bearing. In this case, wear of the
bearing by the shaft will occur. On the other hand, even when the supply is adequate,
shaft or connecting rod deflection, housing distortion, imperfect shaft geometry or
imperfect assembly can all give rise to locally thin or non existent oil fi1ms, and thus
direct contact between shaft and bearing occurs.
In addition, a very different type of wear can occur on bearing surfaces, this is
corrosion wear. Corrosion wear is caused by the lubrication oil, particular when the
oil temperature is high. Corrosion wear occurs as a result of a chemical reaction on
the wearing surface. Corrosion products have small shear strengths, thus tend to flake
away, resulting in the pitting of a worn surface. Corrosive pitting is especially
detrimental since it increases the wear rate as well as corrosion rate [152]. Generally,
temperature plays an adverse effect on wear rate. For example, the wear rate of a plain
bearing at 250°C is several times that at room temperature [149].
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CHAPTER 5
EXPERIMENTAL PROCEDURES
5.1 Project aims and objectives
Based on the literature surveys in Chapter 2, 3 and 4, the experimental works of this
project were carried out in four areas,
1. Existing solution evaluation
This process was designed to optimise the electrodeposition conditions under which
the bearing overlay could be produced with the best possible surface appearance and
required composition as well as high cathode current efficiency utilising an electrolyte
first proposed by Chen [1].
2. Large-scale industrial production feasibility study.
The purpose of the large-scale production feasibility study was to assess the prospects
for increasing the scale of the current electrolyte, and more importantly, identify any
disadvantages which may affect its future industrial application. In order to carry out
the assessments, industrial grade agitation was introduced into the 25 litre tin-cobalt
sulphate-gluconate bath to decrease the diffusion layer thickness, thus increasing the
limiting current density of the electrodeposition of the tin-rich layer and hence reduce
the overall electroplating time of the process. At the same time the solution aging
problem was investigated.
3. Diffusion characterisation
Diffusion in plain bearing, according to the literature in Chapter 3, could be a serious
problem in practice. Therefore the interdiffusion between the bearing substrate and
the two overlay elements, Sn and Co, was investigated at a simulated internal
combustion engine operating temperature. The intermetallic growths of both single
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and multilayer overlays were studied after different annealing times and the phase
transformation was investigated.
4. Mechanical properties investigation
The mechanical properties, particularly the fatigue strength of the overlay material
largely depend on its hardness and ductility. On the other hand, there are many
process parameters during the production of the present compositionally modulated
SnCo alloy overlays, for example, duty cycle, frequency, thickness, etc. By varying
these parameters, the overlay material is likely to possess both high hardness and
good ductility. This section of the investigations was therefore introduced to establish
the relationship between eletrodeposition operating conditions, overlay microstructure
and subsequent mechanical properties.
5.2 Tin-Cobalt solution and electroplating system
5.2.1 Introduction
Tin-cobalt alloy coatings can be electroplated from a commercial ACHROLYTE
solution (Enthone OMI). However, this kind of solution has been proven to be
inappropriate for tin-cobalt compositionally modulated alloy electroplating onto
bearing surfaces due to its low cathode current efficiency and inherent stability
problems [1].
A relatively new sulphate-gluconate bath was adopted for this project. The
composition of this solution is given below in Table 5.1. It was originally developed
by Chen [1] in previous work carried out in conjunction with the present sponsors,
Dana Glacier Vandevell Bearing Co. Ltd.
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Table 5.1 Solution composition of sulphate-gluconate Sneo electrolyte (The
chemicals are reagent grade)
Sodium gluconate 110-120 g L-t
Tween 20
5.2.2 Bath Preparation
The solution make-up is not an 'all-in-one' process. It includes three separate stages
over 72 hours:
1st day: Add deionised water into the bath for half of its volume
Add the sodium gluconate
Add the boric acid
Add the tin sulphate
Leave to stand overnight (12 hours minimum).
2nd day: Filtration with 540 grade filter paper first, then 542 grade filter paper, then
Add the cobalt sulphate
Add the sodium sulphate
80
Adjust the pH value to 4.0
Allow to stand overnight (12 hours minimum).
3rd day: Add the Tween 20
5.2.3 Operating Conditions
pH: 20% (wt%) NaOH or 20% H2S04 (v/v, So. 1.84) was added to the solution to
adjust the pH value to approximately 4.0.
Operating temperature: 45-50 ·C.
Agitation: no agitation was employed for the 1 Land 5 L baths, whilst an industrial
sparge pump agitation system was simulated in the laboratory when using a 25 L bath.
(Refer to Section 5.3.4)
5.2.4 Cathode and anode
Cathode (substrate):
2.5x4 ern as-rolled mild steel or 99.9% annealed copper (supplied by Goodfellow)
was used as the substrate in the 1 Land 5 L baths, whilst electrodeposition
experiments were carried out on the surface of plain bearings or copper sheet in the 5
Land 25 L baths. The half shell bearings were fixed into a specially designed
electroplating slotted jig which was supplied by Dana Glacier Co. Ltd. (Fig. 5.1). The
jig is a non-conducting rectangular box, one wall of which has a central slot along its
length, and the bearings were placed with the inner bore facing the slot.
Anode:
Stainless steel EN58B panel (15 em x 10 em or 10 em x 6 em).
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Slot
Cathode ~.---.r.
contact
Bearings
Fig. 5.1 Electroplating jig supplied by Dana Glacier Co. Ltd. [1]
Left: empty jig; right: jig with half shell bearings
5.2.5 Substrate pretreatment
Prior to electroplating, the steel sheet was pickled in 50% (v/v) SG. 1.18 hydrochloric
acid at room temperature for several seconds to remove surface oxides (scale) and
other contaminants such as dirt, and tarnish films by chemical immersion. Pickling
also activates the steel substrate in preparation for electroplating and provides a light
etch for better adhesion. After pickling, the steel sheet was rinsed sequentially in tap
water, deionised water and acetone before finally being dried with hot air. Before
deposition, one side of the sheet was completely masked with chemically inert tape
(3M Scotch 8403) to provide an effective area of25 cm2•
The copper panel was pickled in 50% (v/v) S.G 1.42 nitric acid at room temperature
for several seconds to remove surface oxide and contamination. After pickling, again,
the copper sheet was rinsed sequentially in tap water, deionised water and acetone and
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dried in hot air. As to the reverse-surface masking, chemical inert tape proved to be an
inefficient method because of the poor adhesion between it and the copper. Therefore,
Lacomit varnish was used as an alternative.
The bearing surface was electrocleaned first to remove oil and grease, and then etched
in 50% (v/v) sa 1.42 nitric acid at room temperature for several seconds to produce a
clean, smooth and active surface. Afterwards, it was rinsed sequentially in tap water,
deionised water and acetone, and then dried with hot air. During the electrocleaning
process, the bearing was made cathodic in an alkaline electro cleaner using low
voltage direct current for 10 seconds. Hydrogen was liberated at the surface.
Therefore, the dirt and oil was removed by both alkaline precleaning and gas
scrubbing mechanisms. The formulation of the alkaline electrocleaner is shown in
Table 5.2.
Table 5.2 Solution composition of alkaline electrocleaner
NaOH 20-25g L-!
20-25g L-!
50-60g L-!
5.3 Apparatus and equipments
5.3.1 Current generator
A 25V/20A Axel Akerman CAPP-25/20-K rectifier was used to supply the required
direct and pulsed current waveforms. The current and voltage outputs were monitored
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with a digital multimeter. The connection wires from the pulse rectifier to the
electroplating bath was twisted together to minimise the inductive effect of the system,
avoiding degradation of the pulse rise time [153]. Fig. 5.2 shows the Axel Akerman
CAPP-25/20-K pulse current rectifier.
5.3.2 Water bath and temperature control unit
1Land 5 L solutions:
The solution was heated with a laboratory scale water bath (Grant W14), which also
had an integrated control unit to keep the temperature at 50+2 "C.
Fig. 5.2Axel Akerman CAPP-25/20-K pulse current rectifier
25 L solution:
Because Sn2+ is easily oxidised to Sn4+, particularly at high temperatures; heating of
the 25 L solution was quite different from the 1 Land 5 L solution. Heating elements
were positioned in a water bath glass beaker located in the 25 L electrolyte solution.
This water bath was then used to control the temperature of the electroplating bath.
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Fig. 5.3 shows the comparison of 1 L, 5 L solution water bath and 25 L solution water
bath and their heating configurations.
The temperature control unit for the 25 L solution comprised of a thermalcouple, two
500W immersion heaters, a water bath and a central control unit. (Fig. 5.4) The
electrolyte thermal data was acquired by the thermalcouple which is positioned near
the plating jig and then sent to the central control unit, where the data was analysed
and processed to control the turning on or off of the immersion heaters. Thus the
temperature of 25 L bath was maintained at 50+2°C.
Electrolyte1-
Temperature centrolled
water bath
immersion he aters
1- Wate," Bath
Electrolyte
1L and 5L water bath
25L Water Bath
Fig. 5.3 Comparison of 1 L, 5 Land 25 L water bath
Immersion Heater
Water Bath
(SL beaker)
Central Control Unit
Therrnalcouple
(Immersed in
electrolyte)
Fig. 5.4 Temperature control unit for 25 L bath
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5.3.3 Agitation system
Agitation was only used in the 25 L bath to improve the process current density and
reduce the electroplating time.
This agitation system was a simulation of Dana Glacier's laboratory configuration.
Fig. 5.5 gives an il1ustrationof this system.
Flowmeter
PVC pipe
Pump
Fig. 5.5 25 L bath agitation system
The pump injected fresh solution into the jig through a PVC pipe containing holes.
The flow rates were varied, thus creating different agitation levels inside the jig.
However, in order to ensure effective agitation the pipe holes needed to face the jig
slot. Fig. 5.6 shows the format of the PVC pipe.
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Fig. 5.6 PVC pipe with holes for agitation system in the 25 L bath
5.3.4 Mechanical testing equipment
5.3.4.1 Micro hardness tester
Microhardness of the coatings was measured usmg a HM-124 Micro-Vickers
hardness tester.
The two diagonals of the indentation left in the surface of the material after removal
of the load were measured using the attached microscope and their average calculated.
The Vickers hardness is the quotient obtained by dividing the load by the area of
indentation measured in mm".
HV=1854.4~
d2
(5.1)
where,
P-Applied load,
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d -Diagonal length of indentation
5.3.4.2 Tensile tester
The overlay ductility assessment was carried using a Lloyd LlOOOOtensile tester,
which has a minimum head moving speed of 0.1 mm min". The dimension of the test
sample was 5 cmx 1 em. During the experimental process, the edge of the sample was
clamped and then extended with a 50 KN load cell at a constant speed of 2 mm min"1
at room temperature until the designed elongation was finally reached.
5.3.5 Surface analytical equipment
5.3.5.1 Scanning Electron Microscope (SEM), Energy-Dispersive X-ray Spectrometer
(EDX) and Elemental Mapping (EM)
SEM, EDX. and EM analysis included overlay surface morphology observation,
overlay cross-sectional examination, overlay compositional analysis and overlay
elemental distribution investigations. All the samples produced from 1 L, 5 Land 25 L
baths were analysed.
Overlay surface morphology and cross-sectional examination were carried out using a
Cambridge 360 scanning electron microscope (SEM) or a Leo 1530VP Field
Emission Gun scanning electron microscope (FEG-SEM). Overlay composition and
elemental distribution were identified using the attached energy dispersive X-ray
spectrometers (EDX) and elemental mapping (EM) technology.
The Energy-Dispersive X-ray Spectrometer (EDX) detects X-rays from the sample
excited by the highly focused, high-energy primary electron beam penetrating into the
sample. Because the intensity of the individual X-ray is related to the quantity of the
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"parent atom" in the sample-beam interaction volume, quantitative elemental analysis
was obtained from the sample with the aid of software analysis capabilities. The
software also enables the collection of fast X-ray signals from the samples and hence
high resolution, high signals elemental phase maps were collected.
In order to obtain cross-sectional samples, the electroplated substrates were sectioned
by cut-off saw and then mounted in conductive resin. Subsequently, grinding took
place using a group of waterproof silicon carbide abrasive papers to remove damaged
or deformed surface material, whilst introducing only a limited amount of new
deformation. Finally, 6 urn and 1 11mdiamond polishing was carried out to remove the
damage introduced by previous steps and thus create the best possible surface ready
for microscopic examination.
After diamond polishing, some of the cross-section samples were etched using ferric
chloride (0.3 mol L-I) solution for 5 seconds before finally being submitted for
microscopic examination. The aim of the etching was to produce a clear layered
structure.
5.3.6.2 XRD phase identification
The phase transformation of overlays before and after heat treatment was identified by
X-ray diffractometry (Bruker D8 X-ray diffractometer). The X-ray diffraction pattern
was recorded with Cu Ka (A. = 1.5406 A) irradiation in the angular range of 25° to 90°
and constant scan rate 0.02° S-I. The Powder Diffraction Files (PDF), published by the
lCPDS-Interbaltional Centre for Diffraction Data, were used to identify the diffraction
patterns.
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5.4 Experimental Process
5.4.1 Existing solution assessment
5.4.1.1 Pulse current electroplating of SnCo single layer
A current waveform of square pulses (ia=3 A dm-2) separated by an interval with zero
current was applied to all of the following 1 L bath pulse electrodepositions. (Fig. 5.7)
The on-time of the current was set to be 1 ms. The off-time during which the current
was zero varied between 1, 2, 4 and 9 ms, which meant the duty cycle was between
50% and 10% in this experiment. Samples were electroplated under these conditions
to determine the most appropriate duty cycle for the multilayer electrodeposition.
Other experiments were undertaken where frequency was varied. The on: off times
were 1 ms-1 ms, 5 ms-5 ms, 10 ms-lO ms, 25 ms-25 ms, 50 ms-50 ms, and 100 ms-
100 ms. The PC process results at different duty cycles and frequencies are shown in
Section 6.1.
I
1
~ .~• .... t
Fig. 5.7 The pulse waveform used in the experiments (ton=l ms; tolFI, 2, 4 and 9 ms)
After electroplating, the samples were rinsed with tap water, deionised water and
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acetone respectively, and then dried under hot air. For each electroplating trial the
cathode current efficiency was calculated by the following equations:
1 Sn(wt.%) Co(wt.%)--= +-_;_-~
Malloy MSn u.,
(5.2)
~w x2F
CCE = Qm = _M_ollo_;;_y_
Q, It
(5.3)
where,
CCE: Cathode current efficiency,
Sn (wt.%), Co (wt.%): Weight percentage oftin or cobalt in the deposit,
Msn. Mce, Malloy:Atomic weight of tin, cobalt, and tin-cobalt alloy,
!1W: Weight gain after electroplating,
F: Faraday's constant (96485 C mort),
I: Applied current,
t: Electroplating time,
Qm: Charge passed for metal deposition only,
o, Total charge passed
5.4.1.2 Direct current electroplating of Sn single layer
Compared to pulse electroplating, the direct current electroplating was easier to
control and perform. In this experiment, several direct current densities were used
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with the 1 L bath to determine the best value for Sn single layer electroplating; these
ranged from 0.5 A dm-2 to 4.0 A dm". The DC process results at different current
densities are shown in Section 6.2.
After electroplating, the surfaces were rinsed with tap water, deionised water and
acetone separately and finally dried under hot air. CCE calculations were also carried
out using equation 5.4.
~w x2F
CCE = Qm = _M--".~~n__
Q/ It
(5.4)
where,
CCE: Cathode current efficiency,
Msn,: Atomic weight of tin,
!l.W: Weight gain after electroplating,
F: Faraday's constant (96485 C mol"),
I: Applied current,
t: Electroplating time,
Qm: Charge passed for metal deposition only,
Qt: Total charge passed
5.4.1.3 Multilayer electroplating in 1 Land 5 L bath
From pulse current electroplating and direct current electroplating processes
previously mentioned, two appropriate conditions were selected to perform the
multilayer electroplating in both 1 Land 5 L baths. Usually, the inner layer adjacent to
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the substrate was a SnCo alloy layer whilst the outer surface layer was a Sn layer
which can provide great compatibility, conformability, and embeddability in service.
The thickness of these multilayer electroplated samples was designed to be between
12-18 urn since a thinner overlay is not capable of absorbing foreign particles or
tolerating minor shaft deflections whilst thicker layer is generally weak in terms of
fatigue strength. The thickness was measured and then controlled on the cross-section
profile each time. Four different multilayer configuration were deposited, namely, 0.5
~m-0.5 urn, 1 um-l um, 2 ~m-2 urn, 3 um-J um. (The thickness referring to the SnCo
and Sn sublayers in the electroplated multilayer).
As before, samples were rinsed with tap water, deionised water and acetone
respectively when the electroplating process was finished and then dried under hot air.
5.4.2 Large-scale industrial production feasibility study
The SnCo bath was scaled-up from 1 L to a larger volume, in this case, 25 L. The
overlay samples produced from these two baths were compared to assess the effects
of scaling up and hence the prospects for industrial scale production. The results are
shown in Chapter 7.
5.4.2.1 Agitation systems for the DC electroplating process
An air sparging agitation system was introduced into the 25 L bath to prevent the
rapid consumption of metal ions inside the plating jig and thus improve the DC
process current density. As can be seen from Fig. 5.5, this agitation system comprised
of a pump, a flowmeter and a PVC pipe.
Two different agitation modes were chosen to assess this agitation effect utilising the
PVC pipe; Table 5.3 gives the details of these two configurations.
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Table 5.3 Agitation modes for bearing jig in 25 L bath
Configuration A B
Hole diameters in
PVC pipe
l mm 2mm
Distance between
pipe and jig
12 em 6cm
For each agitation configuration, the current density of the DC process was increased
from 1 A dm-2 to 4 A dm-2• At the same time, the flow rate was increased using the
flowmeter to seek a suitable flow rate at which the satisfactory pure single Sn layers
could be produced.
5.4.2.2 Multilayer electroplating in 25 L bath
The current density of the pulse current (PC) process in the 25 L bath was same
current density used in the 1 Land 5 L baths; on the other hand the current density of
the direct current (DC) process was higher. A new and increased DC current density
with agitation, which was determined in Section 5.4.2.1, was adopted for most of the
experiments to reduce the electroplating time.
Before multilayer electroplating, the CCE of single layer DC and PC electroplating
under these conditions was calculated for further comparison.
The multilayer electroplating in the 25 L bath was divided into two groups:
a) Normal electroplating process
No agitation was employed throughout this process and the thickness
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configuration was same as that carried out previously in the 1 Land 5 L baths.
(0.5 Jim-0.5 Jim, 1 um-I um, 2 um-Z urn, 3 um-J urn) As no agitation was used,
the DC plating current density was maintained at 0.5 A dm-2•
b) The electroplating process suggested by Dana Glacier Ltd.
During this process, agitation was employed with increased DC plating current
density The SnCo layer was kept constant at 1 urn and the Sn layer thickness
varied from 0.5 urn to 3 urn. (I Jim-0.5 urn, 1 urn-I urn, 1 Jim-2 Jim, 1 um-J urn,
Sn-Co to Sn).
5.4.2.3 Agitation trials for PC electroplating process
During the multilayer electroplating process, the CCE of the PC electroplating in the
25 L bath was found to remain at a low level. Thus agitation was introduced into the
PC electroplating process.
Two agitation levels were used, 4 L min-I and 6 L min-I. For each agitation level,
single SnCo layers were electroplated at four different current densities, ranging from
1 A dm-2 to 4 A dm". After electroplating, the CCE of these samples was calculated
using equation 5.3 and composition was measured by EDX.
5.4.2.4 SnCo bath stability study
Three SnCo solutions were prepared. The basic composition of these solutions was
the same as shown in Table 5.1. However, resorcinol, the most widely used industrial
anti-oxidation agent, was added into two of the solutions to prevent the oxidation of
Sn2+.
The solutions were then heated up to 45 DC_50°C for 6 hours a day, 5 days a week to
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partly simulate the industrial practice. Single SnCo layer and single Sn layer were
electroplated from these solutions after 1, 4, 8, 12, 16, 20 and 30 days. Prior to
electrodeposition, the pH of the solutions was adjusted to its original value, 4.0. The
surface composition of the electrodeposited overlays samples was analysed using
EDX.
Apart from compositional analysis, the appearance of the solutions under different
conditions was compared.
5.4.3 Overlay diffusion characterisation
5.4.3.1 Diffusion between overlay and substrate
Three groups of samples were prepared to identify the diffusion between substrate and
overlay.
The first group were Sn-SnCo multilayers, which were produced by the alternating
electrodeposition of single Sn and SnCo sublayers. The Sn and SnCo alloy sublayers
were deposited at 0.5 A dm-2 and 3 A dm-2 respectively and the individual layer
thickness ratio was kept constant at 1:1 (1 urn-I urn and 3 pm-J urn).
Annealing of these multilayer samples was carried out at 150°C for 24, 50, 100, 250
and 400 hours. Such a temperature was recommended by Dana Glacier Co. Ltd as this
was close to the real engine operating environment. A lab scale oven was used for
annealing experiments which controlled the temperature within ± 5°C. The cross-
sections of the samples were subsequently prepared and analysed after heat treatment
using FEG-SEM and its affiliated EDX and EM to identify the atomic movement.
The second group of samples comprised of single 3 urn Sn and single 3 urn SnCo
layers, which were produced under the same conditions as mentioned above. The
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samples were heat treated at 150°C for 100 hours before FEG-SEM examination. The
structure of the overlay before and after heat treatment was studied by XRD to
identify the phase transformation at the simulated engine operating temperature.
The last group of samples were heat treated for 100 hours and comprised of a 3 11m
single SnCo layer (produced at 3 A dm") and a 3 11msingle Sn layers (produced at 0.5
A dm-2) with a 5 urn Ni barrier layer underneath. The Ni layer was electroplated using
the bath shown in Table 5.4. The effect ofNi barrier layer was subsequently assessed
on the cross-section profile by FEG-SEM.
The diffusion results between overlay and substrate are shown in Section 8.1.
Table 5.4 Watt's Ni electroplating bath
280 g L-1
NiCh.6H20
pH 3.5
Temperature 60°C
Current density
5.4.3.2 Diffusion inside the overlay
An experiment was carried out to identify the diffusion inside the overlay (Fig. 5.8).
97
_~~"':"""'''''''''''T-''';;''1
il~{ ~ ,'" " ,~-- .....-.__ ......-_.. ~~"""'-'~'''''''''l'''~, "~-._-~~-~
Cu substrate Electroplated SnCo Electroplated Sn
Figure 5.8 Experiment designed to identify the diffusion inside overlay
(Left, single 3 urn SnCo layer; Right, dual layer with 3 urn SnCo+ 1 urn Sn
configuration. The Sn layer and SnCo alloy layer were deposited at 0.5 A
dm" and 3 A drn-2 respectively)
The above samples were heat treated at 150°C for 100 hours. If the interdiffusion
took place between Sn sublayer and SnCo sublayer, the Co content would homogenise
throughout the overlay which would finally lead to a lowering of the Co content in the
SnCo sublayer.
In order to further verify the interdiffusion inside the overlay, a group of 3 urn-S urn
and 1 um-I urn configured multilayer samples were prepared and these samples were
subsequently annealed for 24, 50, 100, 250, 400 hours respectively at 150°C. The Sn
sublayer and SnCo alloy sublayers were deposited at 0.5 A dm-2 and 3 A dm"
respectively. After heat treatment, the Sn layer was removed by etching in 5% (vol %)
nitric acid to reveal the Sn-SnCo interface. In case that the interdiffusion between Sn
sublayer and SnCo sublayer had occurred the interface should have a noticeable
difference between as-plated samples and heat treated samples. The results of
diffusion inside overlay are shown in Section 8.2 and 8.3.
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5.4.4 Investigation of mechanical properties
5.4.4.1 Relationship between operating conditions and microstructure
Two groups of samples were prepared under the following conditions as shown in
Table 5.5. The surface morphology and composition of these overlays were
subsequently examined by SEM and EDX. The results are shown in Section 9.2.
5.4.4.2 Hardness measurement
The configurations of the hardness test samples were highlighted in Table 5.6. Before
the test the surface composition of overlays was examined by EDX.
During the testing process, both 5 g and 109 loads were used to penetrate the coating
sample and the full load was applied for 10 to 15 seconds. "The hardness tests were
carried out on coating cross-sections rather than the surface. The reasons for this were
that the coating thickness of the samples was very low, in this case, 15 and 18 urn, and
it was virtually impossible to completely eliminate the substrate effect if the hardness
was measured from the surface. Secondly, as mentioned by Chen [1], the surface
morphology of tin and tin-cobalt alloy deposits was pyramidal and nodular,
respectively. Therefore it was difficult to produce a regular indentation shape on the
surface. The hardness tests results are shown in Section 9.3.
5.4.4.3 Ductility assessment
Six groups of overlay samples were prepared with test piece sizes of 5 em by 1 em
(Table 5.7).
The samples were extended to 5% elongation using a Lloyd LIOOOOtensile tester at a
constant extension speed of 2 mm minot at room temperature. The surface
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morphology of samples after test was investigated using FEG-SEM and SEM to
identify the crack initiation and propagation mode. The cross-section of the multilayer
samples was also prepared and subsequently analysed using FEG-SEM and SEM to
assess the multilayer interface effect. The ductility results are shown in Section 9.4
and 9.5.
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Table 5.5 The configurations of the samples for microstructure assessment
Sample
Configuration
No.
Current
density
Thickness Duty
(Jim) cycle (%)
Frequency
(Hz)
Group
1
Single SnCo 3
50
33.3
20
10
6.25
200
Group
2
Single SnCo 3 20
200
40
20
8
4
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Table 5.6The configurations of the samples for microhardness measurement
Duty
Sample Current Thickness Frequency
configuration cycle
density (Jim)
Heat
No.
(%)
(Hz) treatment
50
33.3
Group
Single SnCo 3 Adm-2 15 20 200 No1
10
6.25
200
40
Group
Single SoCo 3 Adm-2 15 20 20 No2
8
4
Group Multilayer
3 (3 J1m-3 J1m)
3 Adm-2
and
0.5A
dm-2
18 20 200 Yes
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Table 5.7 The configurations of the samples for ductility investigation
Sample Current Thickness
Duty
Frequency Heat
No.
configuration
density (um)
cycle
(Hz) treatment
(%)
50
33.3
Group 1 Single SnCo 3 Adm-2 3 20 200 No
10
6.25
200
40
Group 2 Single SnCo 3 Adm? 3 20 20 No
8
4
1
3
Group 3 Single SnCo 3 Adm-2 6 20 200 No
12
24
Group 4 Single Sn 0.5 A dm-2 3
18 n/a n/a No
Group 5 Multilayer
(3 um-J urn)
3Adm-2
and
0.5 Adm-2
18 20 200 No
50
Multilayer 3Adm" 33.3Group 6 and 18 20 200 Yes(3 um-J um) 0.5 A dm-2 10
6.25
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CHAPTER 6
EXISTING SOLUTION ASSESSMENT
The purpose of the work carried out in this chapter was to identify the suitable
conditions under which the desired single tin and tin-cobalt layers could be deposited
from the 1 L bath, and later from the 5 Land 25 L baths. The 'desired' layer means
the combination of required composition, good surface quality and sufficient aesthetic
appearance:
6.1 Single PC layer deposition
Fig. 6.1 show the pulse current electroplating results with varying duty cycles.
Fig. 6.1 PC electroplating results for single SnCo layer with varying duty cycles.
(From left to right: 50%,33.3%,20%, 10%)
From Fig. 6.1, PC electroplating under 50%, 33.3% and 20% duty cycle conditions
show uniform and smooth surfaces whilst the 10% duty cycle sample appeared 'burnt'
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at the edges. This phenomenon was probably due to the poor current distribution
under the 10% duty cycle conditions which caused an abnormally high cobalt content
at the edge of the sample [1].
On the other hand, although the SO%, 33.3% and 20% electrodeposits all appeared
uniform and smooth, there were still some obvious differences between them. The
50% duty cycle sample exhibited a dark grey surface whilst the 33.3% and 20%
samples looked brighter. The dark grey surface associated with SO% duty cycle
condition was due to its low cobalt content, which has been confirmed, see Fig. 6.2.
Under the same average current density conditions, the peak current density of SO%
duty cycle is lower than the other electroplating conditions, which, in turn, produces a
low polarisation during the electrodeposition process. Consequently, 50% duty cycle
favoured deposition of the more noble metal, Sn.
Fig. 6.2 shows the composition and CCE results for PC electroplating with different
duty cycles. CCEs were calculated utilising the equations given in Section S.4.1.1.
It can be seen in the figure that the cobalt content for the 50% duty cycle is less than
10% which confirms that at higher duty cycle more noble metal, Sn, was
preferentially deposited. No marked differences in cobalt content were noticed for
33.3%,20% and 10% samples. There were, however, some differences in CCE with
duty cycle. When the duty cycle decreased from 50% (1 ms-I ms) to 10% (1 ms-9
ms), the CCE value increased initially to approximate 80% and then fell to about 70%.
The maximum CCE value appeared at a duty cycle of 33.3%. The reason for this is
that a lower duty cycle leads to a higher peak current density and higher cathodic
polarisation, which subsequently introduces more side reactions at the cathode, in this
case, hydrogen liberation. Thus the CCE peaked at 33.3% duty cycle and yielded the
highest value.
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Fig. 6.2 Sn-Co CCE and overlay compositions for the PC electroplating process with
different duty cycles.
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Fig. 6.3 shows the samples produced by pulse current at varying frequencies.
Fig. 6.3 PC electroplated samples of single SnCo layer produced at various
frequencies. (From left to right, 500 Hz, 100 Hz, 50 Hz, 20 Hz, 10Hz, 5 Hz)
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The surface quality gradually deteriorated from left to right. Any electroplating at a
frequency lower than 50 Hz (10 ms-l O ms) showed a non-uniform surface. This can
be seen from Fig. 6.3 where some grey streaks are evident (20 Hz, 10Hz and 5 Hz) at
the edges. This result was in accordance with the previous work carried out by Chen
[1].
The deterioration of surface appearance is thought to be caused by either a
capacitance effect or concentration polarisation. It is known, for a specific electrolyte,
there is a frequency range beyond which a satisfactory electrodeposited surface
cannot be attained. The upper limiting frequency (j) is usually determined by equation
6.1[1, 154]:
i () .
f = _P-x 103 = _1_x 103
1.7 1.7
(6.1)
where,
f= Upper limiting frequency,
ip= Peak current density,
i,= Average current density,
8 = Duty cycle
Any pulse current frequency higher than the upper limiting frequency will result in
the damping of the Faraday current, and finally lead to a significant change in the
microstructure of the deposit. In this case, the upper limiting frequency is 1765 Hz
according to calculation. (ia=3 A dm").
On the other hand, if the pulse on-time is too long, in other words, the frequency is
too short, the metal ions near the cathode would be excessively consumed and
eventually concentration polarisation would dominate the electrodeposition process.
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Therefore, a lower limiting frequency also exists under which good electrodeposited
surface quality cannot be achieved.
Table 6.1 shows the pulse electroplating frequencies associated with this experiment
Table 6.1 Pulse electroplating frequency with different plating conditions for a single
SnCo layer
lms- Sms- 10ms 2Sms SOms lOOms
1ms Sms
10ms 2Sms SOms lOOms
f(Hz) SOO 100 SO 20 10 5
It is very obvious that all the frequencies in this experiment were well below the
upper limit frequency; therefore the surface deterioration should not be caused by a
capacitance effect. Consequently concentration polarisation is thought to be
responsible for the surface quality deterioration of samples at a frequency lower than
SOHz (10 ms-l Oms). However, the lower limiting frequency tends to be electrolyte
specific and thus difficult to calculate.
Fig. 6.4 shows the overlay composition and CCE results for PC electroplating with
different frequencies. CCEs were calculated utilising the equations given in Section
S.4. 1. 1.
No obvious CCE trend existed for PC electroplating with different frequencies and all
the CCE results were of lower values.
Considering CCE results and surface appearance, a 20% duty cycle and 200 Hz were
chosen as suitable for the subsequent multilayer electroplating.
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deposition with different frequencies.
6.2 Single DC layer deposition
The DC electroplating results for the single Sn layers are shown in Fig. 6.5.
Fig. 6.5 DC electroplating of single Sn layer (from left to right: 0.5, 0.8, 1.0,2.0,3.0,
and 4.0 A dm')
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It was noted that only the 0.5 A dm" current density could produce an off-white and
smooth surface. When the current density reached 0.8 and 1.0 A dm", the surface
becomes dull grey although it was still smooth. The dull grey colouration was
confirmed to be caused by the co-deposition of cobalt in the coating. Current densities
higher than 1.0 A dm-2 made the deposit burnt and powdery. Therefore, the current
density range within which approximately pure tin deposits could be electroplated
satisfactorily appears very narrow and is approximately 0.5 A dm", The
compositional analysis of these DC electroplated samples is shown in Fig. 6.6.
4.5
Fig. 6.6 Compositional results for DC electroplated samples of single Sn layers
It is clear from Fig. 6.6 that increasing the current density from 0.5 A dm-2 to 4 A dm-2
increases the cobalt content in the deposit. When the current density exceeds 3 A dm",
the cobalt composition in the overlay was approaching the cobalt composition in the
solution. Therefore, 0.5 A dm? is the only choice for the desired multilayer
electrodeposits at which pure 100% Sn can be produced. The CCE at 0.5 A dm" DC
electroplating was 96.8% according to calculation using equation 5.4.
Comparing the PC electroplating at 20% duty cycle, 200 Hz frequency and 3 A dm"
current density (Fig. 6.2) and DC electroplating at the same current density (Fig. 6.6),
110
it is obvious that the cobalt compositions were similar, 11.4% for DC and 15.6% for
PC. The slightly difference was caused by the inherent conditions of the pulse
electroplating process which used a higher peak current density and thus provided a
larger cathodic polarisation.
However, the surface quality of the SnCo single layer produced by the pulse process
was far better than that of the DC electroplating. For this reason pulse current was
used instead of direct current for SnCo electroplating. The large improvement in the
SnCo layer was due to the enhanced mass transport in the double diffusion layers
promoted by the pulse current, which in turn raises the limiting current density of the
process [155].
III
CHAPTER 7
LARGE-SCALE INDUSTRIAL
PRODUCTION FEASIBILITY STUDY
This chapter describes investigations to preliminarily assess the efficacy of the present
SnCo solution, from an electrochemical process viewpoint. In other words, the
assessment excluded other considerations, such as mechanical properties, interlayer
diffusion characteristics, and effiuent treatment. The study was therefore based on the
following criteria:
Large-scale
industrial
production
Good surface
morphology and
cross-section
profile
High cathode
current efficiency
Short
electroplating
process time
Long lifetime
electrolyte
Good microstructure ensures good surface appearance; high cathode current
efficiency helps to save energy and negate problems of excessive hydrogen evolution
whilst a reasonably short electroplating time improves the process productivity. These
factors are vital for large scale industrial production. In addition, the electrolyte is
required to have a long working lifetime to lower the operational cost.
Sometimes, good surface microstructure, high cathode current efficiency and short
electroplating time are mutually exclusive, thus a compromise may be required to
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balance these requirements.
7.1 Direct current electroplating process with new agitation system
The aim of this process was to reduce the DC process time by introducing agitation
into the bath.
There were concerns about problems associated with the 5 L baths regarding the
depletion of the metal ions inside the bearing plating jig during the electroplating
process. In addition, without adequate agitation, the pure tin layer could only be
deposited at ar~und 0.5 A dm-2 as shown in Section 6.1.2 which means that it would
take a considerable time to obtain the industrial required layer thickness of around 15
urn, Prolonged electroplating time is an obvious disadvantage industrially. Thus a
sparging agitation system was introduced into the 25 L bath to prevent the rapid
consumption of metal ions and more importantly, to produce satisfactory pure tin
layers in a reasonable time at an increased current density. When the current density
was varied from 0.5 A dm" to a higher level, the flow rate was increased as well in
order to produce satisfactory pure tin layers.
7.1.1 Configuration A
Diameter of agitation pipe hole: 1mm
Distance between agitation pipe and slotted jig: 12 em
Above is the detail of configuration A for the agitation pipe; the size of the holes and
the distance from the slotted jig. As the current density was increased, the flow rate
through the agitation pipe was also raised by adjusting the flowmeter to seek a
suitable value at which satisfactory pure tin layers could be produced. Fig. 7.1 shows
the results of the experiments.
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Fig. 7.1 Result of DC electroplating process with configuration A for single Sn layer
deposition
As can be seen, pure tin layers were successfully electroplated at 1-4 A dm-2 with
different agitation levels. This was a very encouraging result which meant that
productivity can be largely improved under this agitation configuration.
Itwas noted that although satisfactory pure tin layers can be attained at 3 A dm-2 and 4
A dm-2, there were some tiny, slightly dark grey areas apparent at the edge area as
indicated by the red circles in Fig. 7.2. This is an indication of co-deposition of cobalt.
As mentioned in Section 2.2.2, the electrodeposition rate is controlled by
concentration polarisation at high current density. Therefore, the surface quality of
pure Sn electrodeposition was expected to be poor at current densities higher than 0.5
A dm". In addition, high current density favours the deposition of the less noble metal,
Co, thus the pure tin layers cannot be attained. This has already been confirmed in Fig.
6.6 that any current density higher than 1 A dm-2 co-deposits a large amount of Co
from solution. However, as shown in Fig. 7.1, a satisfactory pure Sn layer can still be
produced on half shell bearing at higher current densities after the introduction of
agitation from quiescent solutions.
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Fig. 7.2 DC Sn single layer produced on a half-shell bearing at 3 A dm" and 6 L min-I
conditions using configuration A
Under concentration polarisation conditions, the limiting current density can be
written as follows;
i = -nFD Cbulk
L 8 (7.1)
where,
iz= Limiting current density,
F = Faraday constant (96485 C mol"),
n = Number of participating electrons,
D = Diffusion coefficient of the solution,
Cbulk = Ion concentration in the bulk solution,
B = Diffusion layer thickness
nand F are constants whilst D and Cbu1k are system-related variables. If the
concentration of solution constituents, such as Sn2+ and C02+, and operating
temperatures are kept constant, D and Cbulk are fixed. Therefore, the only way to
increase the limiting current density is to lower the thickness of the diffusion layer B.
By introducing solution pumping into the bath, B can be decreased as shown in Table
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2.1 and subsequently the limiting current density is increased. Thus even at higher
current densities such as 1-4A dm", satisfactory Sn layers were still produced.
With the aid of agitation the deposition of pure tin layers was retained. This can be
explained in terms of the benefits of agitation in the electrodeposition of the more
noble metal, Sn [24]. It is known that agitation brings the composition of the diffusion
layer to approach more closely that of the bulk solution. Therefore, it favours an
increase in the deposition rate of that metal which is already depositing preferentially.
This is due to the cathode diffusion layer becoming relatively more depleted with
respect to the more readily depositable metal. Any alterations of electroplating
conditions which oppose the metal depletion do not replenish the depositing metals
equally in the diffusion layer. However, they do increase the ratio of more readily to
less readily depositable metals in the cathode diffusion layer. However, due to the
shape of jig, the agitation may not be totally uniform along the cathode surface which
resulted in possible stagnant flow in some areas [156]. Eventually some Co was co-
deposited in those areas as shown in Fig. 7.2.
However, there existed an obvious shortcoming associated with configuration A, this
was that the reproducibility was poor. For instance, a satisfactory pure tin layer at 3 A
dm-2, 6 L min-I condition could not be reproduced. On the subsequent attempt, the
flow rate limit for pure tin electroplating rose to 6.5 L min-I. The 'problem was
probably due to the effect of the geometries factors of the electroplating system. The
pipe holes and the jig slot needed to be aligned properly further aligning to ensure that
effective agitation was applied. However, the distance between the jig and pipe was
quite long (12 em) and an effective alignment between jig slot and pipe holes could
not be guaranteed each time. So even a little misalignment could affect the final
electroplating process markedly.
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7.1.2 Configuration B
Configuration B was set as follows:
Diameter of agitation pipe hole: 2 mm
Distance between agitation pipe and slotted jig: 6 em
Compared with the results of configuration A, lower flow rates were required to
obtain a satisfactory tin layer at 1A dm -2 and 2 A dm" as can be seen from Table 7.1.
Table 7.1 Result of DC plating process with agitation configuration B
1 2 3 4
Flow rate at which
pure tin layer can be
deposited (L min-I).
2.5 2.5 nfa nfa
On the other hand, when the current density rose to 3 A dm", it was nearly impossible
to obtain a satisfactory tin layer because there always existed some notable dark grey
areas on the electrodeposit surface, even with the maximum flow rate. Fig. 7.3 shows
a typical sample with dark grey areas produced at 3 A dm-2 and 6 L min-) conditions.
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Dark grey stripe
Dark grey area
Fig. 7.3 DC Sn single layer electrodeposited onto a half-shell bearing under
conditions of3 A dm", 6 L min-I using configuration B
From Fig. 7.3, it can be seen that some dark grey areas appeared not only on either
edge of the bearing, but also some slight dark stripes were found in the centre of the
bearing. This is an unacceptable finish because during the bearing's service life the
majority of the external load is applied to the central area.
As mentioned above, these dark grey areas may be a consequence of the stagnant flow
inside the jig due to its geometry. Using configuration B, the dark grey area appeared
in the central area as well as the edge which indicates that the agitation distribution
was worse with this configuration. These areas were negligible when the current
density was low (1 A dm-2 and 2 A dm"). However, when the current density reached
3 A dm-2 or above, which exceeded the pure tin deposition region, or in other word,
reached the alloy deposition under stagnant flow conditions, the dark grey appeared.
Considering reproducibility and surface finishing quality, the following configuration
was adopted to reduce the DC electroplating time,
Diameter of pipe hole: 2 mm
Distance between pipe and slotted jig: 6 cm
Current density: 2 A drn-7
Flow rate: 4 L min-I
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4 L min" flow rate, which is slightly higher than the tested 2.5 L min-l flow rate of
configuration B, was adopted to ensure that good surface finishing quality is always
attainable.
Using this configuration, the effective current density of the DC process was about
1.3 A dm", (2 A dm-2 xcurrent efficiency 64.9%). In comparison with the effective
current density of DC electroplating process without agitation '(0.5 A dm-2 xcurrent
efficiency 88.4% = 0.442 A dm"), the effective current density was improved by a
factor of nearly three. This result also meant the DC process time with agitation can
be greatly reduced to about one third of that without agitation.
7.2 Cathode current efficiency comparison between 1 L, 5 Land 25 L
-baths
Cathode current efficiency is an important factor in achieving the required multilayer
overlay with least energy consumption. In practice, CCE is required to be as high as
possible to minimise the side reactions (mainly hydrogen evolution) associated with
metal deposition, and thus save energy. Figs. 7.4 and 7.5 show the CCE results of
samples produced from 1 L, 5 Land 25 L baths.
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Fig. 7.4 Single Sn layer CCE data for DC electroplating from 1 L, 5 Land 25 L bath
with or without agitation (Bath 1: IL, copper substrate, no agitation, 0.5 A dm-2 Bath
2: 5L, bearing substrate, no agitation, 0.5 A dm-2 Bath 3: 25L, bearing substrate, no
agitation, 0.5 A dm-2 Bath 4: 25L, bearing substrate, with agitation, 2 A dm')
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100
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Fig. 7.5 Single SnCo layer CCE data for PC electroplating from 1 L, 5 Land 25 L
bath without agitation (Bath 1: lL, copper substrate, no agitation, 3 A dm-2 Bath 2: 5L,
bearing substrate, no agitation, 3 A dm -2 Bath 3: 25L, bearing substrate, no agitation, 3
Adm")
40
Cathode current efficiency (%)
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There was a large difference between the PC electroplating CCE in 1 Land 5/25 L
.baths. As can be seen from Fig. 7.5, the CCE in the 1 L bath was 78.3% whilst in the 5
and 25 L baths, this value sharply decreased to 55.4% and 44.7% respectively. A
similar trend for tin (Fig. 7.4) appeared during the DC electroplating process although
the CCE difference was not as large as in PC process for SnCo. In the 1 L bath, the
CCE value was very high, reaching 96.8%. However, the CCE dropped to 88.4% and
87.6% for electrodeposition in the 5 and 25 L baths.
The CCE results can be explained by taking into account cathode shape. In the, 1 L
bath, the cathode was a 10 cm2 copper foil sheet which was totally open inside the
electrolyte. Therefore the solution around the copper sheet could effectively supply tin
and cobalt ions. In addition, some hydrogen evolution was produced around the
cathode which introduced slight agitation into the solution and therefore might further
enhance the ion movement.
With the 5 Land 25 L baths, the cathode was an actual plain bearing shell in a slotted
jig. Due to the shape of the jig, Sn2+ and C02+ ions were consumed very quickly and
no adequate metal ion replenishment occurred. This resulted in the sharp decrease of
tin and cobalt ions adjacent to the cathode. Therefore the CCE stayed at a lower level.
An inevitable outcome associated with low CCE is that the actual thickness of
multilayer electroplating in 5 Land 25 L bath was less than the theoretical thickness,
which is shown in Fig. 7.6.
From Fig. 7.6, it can be seen that the actual thickness is about two thirds of the
intended thickness which agrees well with the CCE calculation. All the actual
thicknesses were measured on cross-sectional micrographs.
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Fig. 7.6 Comparison between theoretical thickness and actual thickness of multilayer
deposit in the 5 L bath. The SnCo sublayer was produced at 3 A dm-2 average current
density, 25% duty cycle and 200 Hz frequency whilst the Sn sublayer was produced at
0.5 A dm-2.
Another interesting result in Fig. 7.4 is that the CCE of DC electroplating with
agitation at 2 A dm-2 is less than the CCE without agitation at 0.5 A dm". In fact, a
higher CCE value was expected for agitated DC electroplating because of the
increased metal ion diffusion rate. Table 7.2 shows some DC electroplating CCE
results in the 25 L bath at different current densities with and without agitation. This
data was produced to try to interpret the reason why the CCE fell to a lower level with
agitation at 2 A dm".
The experimental data associated with Table 7.2 were produced in the last few days of
the 25 L bath, so some of results differ from Fig. 7.4 due to a perceived solution aging
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problem. However, a clear variation can still be found from Table 7.2. Comparing the
CCE at 0.5 A dm-2 with and without agitation, it is clear that a nearly 20% CCE
improvement was attained by introducing an agitation system into the 25 L bath.
However, this advantageous CCE improvement was negated with a further increase of
current density to 1 A dm-2 and 2 A dm-2• For example, the CCE at 1 A dm-2 with
agitation was only 58.7%, less than the CCE at 0.5 A dm" without agitation.
Table 7.2 Comparison of DC electroplating CCE of single Sn layer under different
conditions in a 25 L bath.
Experiment No Current density Agitation CCE
(Adm-2) (4 L min-I)
1 0.5 no 76.7%
2 0.5 yes 93.6%
3 1 yes 58.7%
4 2 yes 53.9%
It can be concluded from Table 7.2 that the agitation effect on CCE is not sufficient at
a higher current density. There are two reasons for the lowering of CCE at high
current density: a) a high current density is usually associated with a high cathodic
polarisation which consequently speeds up hydrogen evolution; b) agitation removes
the hydrogen from the cathode surface quite effectively and thus depolarizes the
reaction, which further lowers CCE. The build-up of hydrogen on the cathode reduces
the metallic surface available for hydrogen evolution; therefore, the removal of
hydrogen bubbles increases its formation rate.
It is clear that the ideal combination of short electroplating time and high CCE is not
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attainable. Short process times were only achieved at the expense of CCE. As shown
in the results, at the 2 A dm-2 and 4 L min" conditions, the effective current density
was nearly 3 times that without agitation, and at the same time CCE dropped from
96.8% to 64.9% in the agitated solution.
7.3 Surface morphology comparison for compositionally modulated
tin-cobalt alloy multilayer coatings obtained from 1 L, 5 Land 25 L
baths
7.3.1 Morphology investigation of overlays produced on bearing and steel sheet
substratesfrom 5L bath without agitation
0.5 A dm-2 direct current density and 3 A dm-2 pulse current density were chosen to
produce the single Sn and single SnCo alloy sub layers respectively, and thus to obtain
multilayer deposits on plain bearing and steel sheet surfaces. The thickness of
individual sublayers was kept at 0.5 urn, 1 urn, 2 urn and 3 urn respectively for
different coatings. Four multilayer structures were therefore electroplated from the
bath. Fig. 7.7 shows the multilayer surface morphologies of these samples.
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(a) 0.5 ~m-0.5 urn
(b) 1 um-I urn
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(c) 2 ~m-2 urn
(d) 3 um-J urn
Fig. 7.7 Surface morphology micrographs of multilayer samples on bearing substrate
with different thickness configuration (from a to d, 0.5 ~m-0.5 urn, 1 urn-I urn, 2 urn-
2 urn 3 urn-S urn), The Sneo sublayer was produced at 3 A dm-2 average current
density, 25% duty cycle and 200 Hz frequency whilst the Sn sublayer was produced at
0.5 Adm-2•
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All the micrographs show a smooth, uniform and angular crystalline formatted surface
with no dendrite growth observed. As to the individual micrographs, it can be seen
that different thickness configurations have different grain sizes, for example, the
grain size for the 3 urn-Sum sample is far larger than the grain size of the 0.5 ~m-O.5
urn sample. The reason is probably due to the fact that as the thickness of the
individual layers is increased from 0.5 urn to 3 urn, a consequence is that the
electroplating time increase too and the grain growth dominates over nucleation.
Fig. 7.8 shows surface morphology comparisons of multilayer samples on steel sheet
substrate and bearing substrate.
Comparing these two micrographs, it is clear that overlays on the steel sheet substrate
are rougher and coarser than the overlays on the plain bearing substrate. Other
features apart from the surface roughness are identical. As can be seen, the grain size
and grain shape are similar.
The different roughness is thought to be due to the effect of substrate surface. In
essence, the plain bearing surface was much smoother than the steel surface after pre-
treatment. This explanation was further confirmed by the cross-section observations
in Section 7.5.
The smoother overlay surface is always desirable for industry because non-smooth
surface would lower overlay fatigue strength [120, 121]. The asperities and valleys of
a rough surface may act as the initiation sites for microcracks, therefore the rougher
the overlay surface, the easier the microcracks can occur and the lower the fatigue
strength. The relation between surface roughness and overlay mechanical property
will be further discussed is Section 9.5.
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(a)
(b)
Fig. 7.8 Comparison of surface morphology micrographs between multilayer samples
on steel sheet substrate and bearing substrate ((a): 1 11m-111m,steel sheet surface; (b),
1 11m-111m,bearing surface) The SnCo sublayer was produced at 3 Adm -2 average
current density, 25% duty cycle and 200 Hz frequency whilst the Sn sublayer was
produced at 0.5 A dm".
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7.3.2 Morphology comparison between samples on bearing substrates electroplated
with agitation and without agitation
The aim of this experiment was to investigate whether satisfactory surfaces could be
attained at 2 A dm-2 in an agitated solution, in comparison to 0.5 A dmo2 from a non-
agitation condition.
Fig. 7.9 shows the surface morphology micrographs of multilayer samples with and
without agitation.
There is no obvious difference between the samples from the bath without agitation
and the bath with agitation. As can be seen from Fig. 7.9, each of formats produced
electroplated samples with smooth and uniform surfaces and fine grains.
7.4 Cross-section comparison for compositionally modulated tin-
cobalt alloy coatings obtained from 1 L, 5 Land 25 L baths
7.4.1 Cross-section comparison between overlays on steel sheet substrate (l L) and
plain bearing substrates (5 L)
SEM micrographs of multilayer coating cross-sections are shown in Fig. 7.10. Some
of the samples were etched using ferric chloride to reveal the interfaces. However, it
was later noticed that the layered structure could be observed directly without the
need for ferric chloride etchant.
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Without agitation (1 urn-I urn)
With agitation (1 urn-I urn)
Fig. 7.9 Surface morphology micrographs of multilayer samples with and without
agitation. The Sneo sub layer was produced at 3 A dm -2 average current density, 25%
duty cycle and 200 Hz frequency whilst the Sn sublayer was produced at 0.5 A dm-2
(non agitated bath) and 2 A dm-2 (agitated bath).
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III
(a) SEM micrographs of multilayer samples with 0.5 ~m-0.5 urn thickness
configuration. (I): from I L bath, on steel sheet substrate; (II): from 5 L bath, on half
bearing substrate which was etched.
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III
(b) SEM micrograph of multilayer samples with 2 um-Z um thickness configuration.
(I): from 1 L bath, on steel sheet substrate; (II): from 5 L bath, on half bearing
substrate.
Fig. 7.10 Cross-section comparisons between multilayer samples from the 1 Land 5
L baths. The SnCo sublayer was produced at 3 A dm-2 average current density, 25%
duty cycle and 200 Hz frequency whilst the Sn sublayer was produced at 0.5 A dm-2•
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As can be seen from the micrographs in Fig. 7.10, the overlays produced from both
the 1 Land 5 L baths are coherent and compact. The interfaces between individual
sublayers are distinct which suggests that desired layered structure was obtained.
However, a small number of tiny cracks can be found in the bottom SnCo layer on
steel substrate as shown in Fig. 7.10 (b), whilst no obvious cracks exist in the
multilayer overlay on the bearing substrate. The cracks were also uniformly
distributed in other areas of the bottom SnCo layer therefore they were not caused by
the mechanical griding and polishing during the cross-section preparation process.
These cracks are more noticeable in the thicker layers, for example, in 3 um-J um
sample. Fig. 7.11 shows these cracks..
The presence of these cracks could be caused by the accumulation of internal stress
during the electroplating process which has a detrimental affect on some of the most
important protective, mechanical and physical properties of electrodeposits [157].
Because of the complex nature of electrodeposition and the large number of inter-
related variables involved with the electroplating process, there is no single overall
theory covering the causes of residual stress. However, Weil thoroughly reviewed a
number of theories [158] and suggested that the internal stresses arise due to the
layers of atoms being deposited in such a way that they are in compression or tension
in order to continue the atomic parameters of the substrate metal, in other words to
produce epitaxial growth.
According to Weil [158], the stress m electrodeposits is largely determined by
following factors:
• Substrate
• Deposit thickness
• Current density
• pH
• Deposition temperature
• Plating solution composition
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10~m
I
EHT = 20.00 kV Detector = OBSD Date :15Apr 2004
WD = 11 mm Photo No. = 485
Fig. 7.11 Cross-section of multilayer samples with 3 um-J urn thickness configuration.
(From 1 L bath, on steel sheet substr~te) The SnCo sublayer was produced at 3 A dm-2
average current density, 25% duty cycle and 200 Hz frequency whilst the Sn sublayer
was produced at 0.5 A dm-2.
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In the present investigations, all the above parameters are same except the substrate,
thus the cracks in the bottom SnCo layer on the steel substrate were thought to occur
due to the strong interaction between the steel substrate and SnCo deposit [159]. In
other words, less interaction between the bearing substrate and SnCo deposit resulted
in a crack-free overlay.
The effect of the substrate on stress appears to depend on whether the deposit can
continue the substrate structure. The presence of a heavily deformed surface layer
which prevented continued growth resulted in a higher stress value compared to that
of a deposit on an electropolished substrate, according to Pick, Storey and Vaughan
[160]. The substrate may also be responsible for the fact that the initial stress is
generally the highest. Philips and Clifton noticed that a higher stress in copper deposit
was generated on steel substrate than on bronze substrates in acid sulphate and
cyanide baths [161]. Marie and Thon [162] studied the effects of various substrate
metals on stress in nickel deposits. They found that, in general, the greater the
difference in the lattice parameter between the substrate and the deposit, the greater
the initial intrinsic stress. Philips and Clifton [161] and Soderberg, Pinner and Baker
[163] all reported higher stress when nickel was electroplated on steel than on brass or
bronze substrate. This effect may be due to the fact that iron is body centred cubic,
whereas copper and its alloys are face centred cubic.
The cracks in Fig. 7.11, therefore, may be caused by the greater lattice misfit between
the overlay and the. steel substrate. However, as later shown in Section 8.3, the
electroplated SnCo alloy is a metastable phase which does not really exist in the SnCo
thermal equilibrium phase diagram. Thus it is impossible to know the lattice structure
~
of electroplated SnCo alloy although steel and the bearing (bronze) are well known
bee and fcc structures respectively.
The overlays from both the 1 Land 5 L baths were designed to achieve the same
thickness, approximately 15 urn. This thickness designation was closely attained by
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samples from the 1L bath; as can be seen from Fig. 7.10. However, the actual overlay
thickness from the 5 L bath was only about two thirds of the designed thickness.
Therefore, these cross-section micrographs are another good demonstration of CCE
issues and thickness variation between the 1Land 5 L baths.
Surface roughness of electrodeposits is another issue for examination. Comparing
samples from both the 1 Land 5 L baths, the overlay surfaces from the 1 L bath were
clearly rougher than those from the 5 L bath. This has already been seen on surface
morphology micrographs shown in Fig. 7.8. It is assumed this roughness difference
was due to the influence of the substrate, and here it is possible to confirm this by
comparing the substrate roughness as seen in the cross-section micrographs of Fig.
7.10.
As can be seen in Fig. 7.10 the steel sheet substrate is clearly rougher than the bearing
substrate after pre-treatment. Some visible peak and valley areas can be seen
distributed along the steel substrate baseline (dotted line) which indicates the high
surface roughness after pre-treatment. These peaks and valleys were followed during
the subsequent electroplating process and are therefore responsible for the final
undulating areas along the overlay surface (red double arrow line shows these
peaks/valleys). On the other hand, the bearing surface was relatively smooth after pre-
treatment and no obviou~ undulation existed along the dotted baseline. Therefore the
overlay surface finish was far more uniform than that on steel sheet surface.
7.4.2 Overlay cross-section comparison between samples on bearing substrates with
and without agitation
Two cross-section micrographs of multilayer overlays from the 25 L bath, without
agitation and with agitation are shown in Fig. 7.12. Both samples were etched to
reveal the interfaces.
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EHT = 20.00 kV Detector = eBSD Date:8 Nov 2004
WD = 8 mm Photo No. = 4658
(a)
Detector c eBSO Dote :8 Nov 2004
Photo No. = 4665
(b)
Fig. 7.l2 Cross-section of multilayer samples with 1 um-Ium thickness configuration
from 25 L bath with (a) and without agitation (b). The SnCo sublayer was produced at
3 A dm-2 average current density, 25% duty cycle and 200 Hz frequency whilst the Sn
sublayer was produced at 0.5 A drn-2 (non agitated bath) and 2 A drn-2 (agitated bath).
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Comparing these two cross-section micrographs, it is clear that both ofthem exhibit a
fine layered structure with distinct interfaces. This means that a satisfactory multilayer
overlay can be attained after introducing agitation into the DC electroplating process.
It is a desirable result in practice because two thirds of the DC electroplating time can
be saved without the deterioration of the multilayer structure.
Fig. 7.13 illustrates the higher magnification cross-section micrograph. In the figure,
coarse nodules can be clearly seen and some of these were initiated during the
electrodeposition of the first few layers. Consequently some of them were followed
by the subsequent electroplating process. Apart from the coarse nodules, many thin
acicular can be found in Fig. 7.13 as indicated by the red circles. These stripes were
thought to be tin which was not completely removed by the etchant.
7.5 Pulse curre~t electroplating process with new agitation system in
the 25 L bath
As can be seen from Fig. 7.5, the cathode current efficiency of the PC electroplating
in the 25 L bath was very low, even less than 50%, which is undesirable in industrial
practice. In order to overcome this problem, some PC electroplating experiments with
agitation were carried out in the 25 L bath to improve the CCE, followed by EDX
compositional analysis.
Fig. 7.14 shows a current density-cobalt composition relationship graph with two
agitation levels.
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EHT= 20.00 kV Detector= aBSD Date :8 Nov2004
WD = 6 mm Photo No.= 4666
Fig. 7.13 High magnification cross-section micrograph of multilayer sample from the
25 L bath with agitation. The SnCo sublayer was produced at 3 A dm-2 average current
density, 25% duty cycle and 200 Hz frequency whilst the Sn sublayer was produced at
2 Adm-2•
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Fig. 7.14 Influence of average current density on electrodeposit composition of single
SnCo layer with agitation in the 25 L bath. The SnCo sublayer was produced at 3 A
drn" average current density, 25% duty cycle and 200 Hz frequency.
With 4 L min-I agitation, the cobalt composition increases sharply from 0.3% cobalt at
1 A dm-2 to 13.2% cobalt at 2 A dm", and then remains approximately constant at that
level. On the other hand, with a stronger agitation level, for example, 6 L min-I, the
cobalt composition increases constantly between 1 A dm-2 and 4 A dm". Afterwards, it
reached approximately 15%.
Fig. 7.14 agrees well with the previous data by Chen, who produced similar data for a
1 L bath using a magnetic stirrer [1]. The initial Co improvement is thought to be
caused by the increasing current density which favours the electrodeposition of the
less noble metal, Co. However, the Co content remains fairly constant after a certain
stage where the Co approaches its corresponding maximum content in the bath.
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Chen [1] classified the current SnCo electrolyte as a regular codeposition system
because it bears all the hallmarks of such a system. According to his potentiodynamic
polarisation studies the deposition potential of tin is always more positive than the
deposition potential of cobalt in the sulphate/gluconate baths, therefore the tin is
preferentially deposited. The preferential deposition of tin is very stable and hardly
affected by the electroplating process variables, such as agitation, temperature and
concentration of complexing agent.
During the electroplating process, the less noble metal, Co, begins to codeposit only
after the limiting current density for the deposition of tin has been exceeded [1]. The
Co content in the deposit increases with further increases the current density. As can
be seen in Fig. 7.14, there was a sharp increase of Co content when the current density
increased from 1 A dm-2 to 3 A dm", Under such conditions, the deposition of tin is
under diffusion control whilst the deposition of cobalt is under activation or mixed
control. As the current density continuously increases, cobalt deposition reaches its
own limiting current density and the cobalt content in the deposit finally approaches
the cobalt value in the electrolyte.
Fig. 7.15 compares the surface composition of single SnCo layer at 3 A dm-2 with
different agitation levels. The SnCo layer was produced at 3 A dm-2 average current
density, 25% duty cycle and 200 Hz frequency
According to Brenner's theory of alloy electrodeposition [24], agitation favours the
deposition of the more noble metal, in this case, Sn. Therefore the Co content
continuously decreased from 15.6% to 11.1%, as can be seen in Table 7.3. However,
with 4 Lmin" agitation level, 14.3%Co overlay can still be produced.
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6 L min-1 I
I
I
4 L min-1
No agitation
o 2 4 6 8 10 12 14 16
Co content in the deposit (wt%)
Fig. 7.15 Cobalt content of single PC SnCo layers with and without agitation.
18
Based on the above results, it appeared that satisfactory tin-cobalt alloy layers can be
retained with this new agitation system at an average current density of 3 A dm-2. It
also means that without the loss of electroplating time and deterioration of required
cobalt composition, the CCE may well be improved only by the introduction of
suitable agitation.
7.6 Solution aging
7.6.1 Solution aging process assessment
This series of investigations was carried out to assess the solution aging process and
thus create a reference for possible future industrial applications. Fig. 7.16 shows the
colour of solutions at two different stages in their life cycle.
In Fig. 7.16, the one month solution was heated up to 45-50 °C for 6 hours a day and 5
days a week to simulate the industrial practice. However, the industrial solution was
not only operated at a high temperature, but also heavily used for production of
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electroplated bearings.
Two distinctive colours can be seen in Fig. 7.16. The colour of the one month solution
is obviously darker than the fresh solution. Because these two solutions were virtually
made up at the same pH, the difference in appearance may indicate that 'some Sn2+
have been oxidised to Sn4+ after one month at experimental temperature.
Fig. 7.16 Appearance of SnCo electrolytes at two different stages. Left: freshly made
solution; Right: after one month aging (6 hours a day, 5 days a week)
Figs. 7.17 and 7.18 show the compositions of single Sn and SnCo layer produced at
different stages during the bath's operating life.
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Fig. 7.17 Compositional analysis of single SnCo layers produced at different stages
after solution make-up. The SnCo layer was produced at 3 A dm-2 average current
density, 25% duty cycle and 200 Hz frequency.
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Fig, 7.18 Composition analysis of single Sn layers produced at different stages after
solution make-up. The single Sn layer was produced at 0.5 A dm".
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It is clear from this data that for the electroplated Sn or SnCo layer, the Co
composition gradually increased with respect to time. However, the initial increases
were quite small. It can be seen that the Co content for the SnCo layer produced from
fresh solution and 4 days old solution were 17.2% and 17.5% respectively. A similar
trend can also be drawn from Fig. 7.18. Only a very small Co content was detected
from the single Sn layer surface after 4 days.
From day 8 the aging rate was significantly increased. The Co content of SnCo layer
rose to 20.9% in day 8 and 21.9% in day 12. For the single Sn layer, more than 1% Co
was found on the surface of an electroplated single layer sample from day 8. After 16
days the solution aging rate was even more rapid. As can be seen in Figs. 7.17 and
7.18, the Co content accelerated rapidly to an unacceptable level for both single Sn
and SnCo layers.
The agmg process was swift under the designed experimental conditions. As
mentioned previously, the solution was heated up to its working temperature for 6
hours a day, five days a week to partly simulate the industrial practice. Therefore the
Co content gradually increased to a much higher level only after one week time.
Furthermore, after about two weeks the solution produced unacceptable results for
both single Sn layer and single SnCo layer. To overcome the aging problem, an anti-
oxidation agent or extra Sn2+ replenishment are needed.
7.6.2 Effect of resorcinol
Resorcinol is a typical anti-oxidation agent and is widely used in Sn and Sn alloy
electroplating process [164]. It classed as a dihydroxy phenol. Fig. 7.19 shows its
chemical structure.
The effect of resorcinol in blocking Sn2+ oxidation was fully investigated by two US
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patents [164, 165]. Steinbicker found that by adding 5.5 g rI resorcinol to an acidic
halogen plating bath the oxidation of Sn2+ was greatly reduced [165].
HO OH
Fig. 7.19 Chemical structure of resorcinol [166]
However, in their investigations a system with 120 ml min-I external oxygen injection
at 140°C was utilised to speed up the Sn2+ oxidation, therefore, 5.5 g L-1 resorcinol
was employed. This was not appropriate for this project. Instead, 1 g L-1 resorcinol
was firstly deployed which was suggested by Dana Glacier Ltd as a starting point.
Figs. 7.20 and 7.21 show the SnCo solution appearances with and without resorcinol
at room temperature and working temperature (45°C-50 °C)
The solutions exhibit an identical state at room temperature. Both solutions are
transparent and have similar appearance. However, at working temperature, the.
solution with 1 g L-1 resorcinol became cloudy while its counterpart remained in its
original state.
The cloudy solution is usually an indication of poor solubility of the non-ionic
surfactant Tween 20 [1]. Tween 20 dissolves in water by hydration of either oxygens
of the polyoxyethylene group. This kind of link is weak and usually affected by the
temperature and other chemical species in the electrolyte. Therefore the cloudy
solution is thought to be caused by the interaction between newly-added resorcinol
and Tween20 which finally leads to the lowering of the cloud point of Tween 20.
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Fig. 7.20 SnCo electrolytes at room temperature. Left, without resorcinol; Right,
with 1 g L-1 resorcinol
Fig. 7.21 SnCo electrolytes at working temperature. Left, without resorcinol; Right,
with 1 g L-1 resorcinol
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The cloud point of the non-resorcinol SnCo electrolyte was determined to be 57 DCby
Chen in his previous work [1], which is slightly above the working temperature 45
DC-50 DC. Therefore the left hand solution in Fig. 7.21 was clear and transparent.
However, the addition of resorcinol may damage this kind of link at working
temperature and finally lead to a cloudy solution.
Table 7.3 gives the cloud point measurement results with different resorcinol
concentrations.
As can be seen from Table 7.3, 0.1 g L-1 resorcinol did not change the cloud point
significantly, which was at 55 DC.On the other hand, 1 g L-1 resorcinol has a great
effect on the performance of Tween 20 and the cloud point decreased to 43 DC
consequently. Therefore the solution became cloudy at working temperature as shown
in Fig. 7.21. The non-ionic surfactant stops all or part of its functions above the cloud
point [1]. Therefore, 1 g L-1 resorcinol is inappropriate for the current solution and the
maximum resorcinol concentration which can be used in Table 7.3 is 0.5 g L-1•
Table 7.3 The cloud point measurement of SnCo electrolyte with different resorcinol
concentrations
Resorcinol concentration Cloud point
o
0.1 55°C
0.5
1
148
Figs. 7.22 and 7.23 show the composition of single Sn and SnCo layer produced from
the SnCo electrolyte with and without 0.5 g L-1 resorcinol at different stages in the life
cycle of electroplating bath.
As can be seen, no noticeable differences are observed for the electroplated Sn and
SnCo layers from the solutions with and without 0.5 g L-1 resorcinol at different
stages. The Sn layer can be produced from both solutions for at least 16 days without
significant codeposition of Co. After day 20, the Co content increased to 3.9% for the
non-resorcinol solution and 2.8% for the solution with 0.5 g L-1 resorcinol.
As for the single SnCo layer, a Co content lower than 20% can be guaranteed for at
least 12 days. From day 16, the Co content rose to 21.2% and 26.8% respectively for
the 0.5g L-I resorcinol solution and the non-resorcinol solution.
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Fig. 7.22 Compositional analysis of single Sn layers produced at different stages from
solutions with 0.5 g L-1 resorcinol and without resorcinol. The Sn layer was
electroplated at 0.5 A dm".
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Fig. 7.23 Compositional analysis of single SnCo layers produced at different stages
from solutions with 0.5 g L-1 resorcinol and without resorcinol. The SnCo layer was
electroplated at 3 A dm-2 average current density, 25% duty cycle and 200 Hz
frequency.
0.5 g L-1 resorcinol did not significantly improve the stability of the present SnCo
,,
solution, in comparison with the solution without resorcinol. Both solutions showed
similar aging routes as shown in Figs. 7.22 and 7.23. Therefore, a higher
concentration resorcinol is needed to further stabilise the solution. However, as shown
in Table 7.3, a higher concentration resorcinol further decreases the cloud point of
Tween 20.
7.7 Summary
Table 7.4 summarises the results from sections 7.1 to 7.6
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CHAPTER 8
DIFFUSION CHARACTERISATION
Diffusion in lead-tin alloy overlays has been extensively studied. Generally, the
depletion of tin through diffusion can cause problems such as the lowering of
corrosion resistance. The overlay alloys after diffusion are also metallurgically
unstable and are also relatively weak mechanically with respect to resistance to
fatigue.
It is an objective of this chapter to assess the stability of the present bearing system
at typical engine operating temperatures, and thus to identify whether a more
metallurgically stable overlay can be produced from the SnCo multilayer alloy
system.
8.1 Diffusion between substrate and overlay
8.1.1 Diffusion investigation
Figs. 8.1 and 8.2 show the overall diffusion in the Sn-Co-bronze bearing system (no
Ni barrier layer). The test samples were multilayer overlays and produced as 3 J.lm-3
urn and 1 um-I urn thickness configurations respectively. The SnCo sublayer was
electroplated at 3 A dm-2 average current density, 20% duty cycle and 200 Hz
frequency conditions, whilst the Sn sublayer was electroplated at a current density of
0.5 Adm-2• These multilayer samples were subsequently heat treated for 24,50, 100,
250 and 400 hours at 150°C. In addition, an as-plated multilayer overlay sample was
also prepared for comparison purposes.
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Fig. 8.1 Diffusion in the Sn-Co-bronze bearing system at ISO °C (3 urn-Sum
configuration; heat treatment as follows: a-as-plated, b-24 hours, c-SO hours, d-100
hours, e-2S0 hours, f-400 hours)
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Overlay
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Intermetallic
Fig. 8.2 Diffusion in the Sn-Co-bronze bearing system at 150°C (1 urn-I urn
configuration; heat treatment as follows: a-as-plated, b-24 hours, c-50 hours, d-IOO
hours, e-250 hours, f-400 hours)
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A clear diffusion tendency was shown in these micrographs. For the as-plated
samples, 3 11m-311mor 1 11m-111mthickness configurations, a fine layered structure
can be observed. The interfaces between individual sublayers were coherent and
crack free. However, after only 24 hours heat treatment atomic movement started to
take place as shown in Figs. 8.l(b) and 8.2(b). Some dark coloured products, which
were thought to be intermetalllic compounds, can be clearly seen along the substrate-
overlay interface. The majority of these intermetallic products were located on the
overlay side as opposed to the substrate. Longer heat treatment times of 50, 100 and
250 hours, widened the thickness of the intermetallic layers, and eventually after 400
hours, they occupied about half of the original multilayer overlay.
The intermetallic layer was not in a homogeneous state. Instead, a two-layer
structure was detected in the SEM micrographs and is highlighted using red arrows
in Figs. 8.1(t) and 8.2(t). The layer adjacent to the substrate had a slightly darker
colour than the layer above it. The darker layer was not so evident in the
micrographs of short time heat treatment samples. However, this layer grew to a
much large extent after 400 hours.
The binary Cu-Sn equilibrium phase diagram is shown in Fig. 8.3 [167]. Two
intermetallic compounds, e-Cu3Sn and 1l-Cu6SnSare said to be formed between Cu
and Sn interactions below 200 °C. EDX compositional analysis confirmed that the
double intermetallic layers in Figs. 8.1 and 8.2 are s-Cu.Sn and n-Cu.Sn, (Table 8.1)
which has been observed by various researchers [59-76]. These two layers can form in
parallel to each other [169]. Tu [61] extensively studied the growth mode of this kind
of intermetallic compound and found that the initial formation was CU6SnSonly. The
linear Cll6Sns growth was identified. The CU3Sn phase was subsequently formed at
the expense of CU6SnS.Due to this kind of growth sequence, the darker CU3Sn layer,
was not clearly visible for short time heat treatments.
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Fig. 8.3 Cu-Sn equilibrium phase diagram [167]
Table 8.1 Compositional analysis of 150°C heat-treated Sn-Co-bronze bearing system
after 400 hours. (left: 3 urn-Sum configuration; right: 1 um-l urn configuration)
Sn (At%) Cu(At%) Possible intermetallic compound
1 23.9 76.1 CU3Sn
2 22.4 77.6 CU3Sn
3 43.0 57.0 CU6SnS
4 43.5 56.5 CU6SnS
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It can be seen that the intermetallic layers were bounded by somewhat undulating
interfaces. The uneven interface might be attributed to the influence of grain boundary
diffusion associated with the low temperature condition of present experiment which
led to the different diffusion anisotropy on the overall mass transport across the
intermetallic layers, although absolute proof was lacking [168]. Takenaka, et.al noted
that the volume diffusion is the rate-controlling process for the Sn-Cu diffusion
couple at higher annealing temperatures whilst when the annealing temperature is
lowered; grain boundary diffusion begins to dominate the process [66]. Similar
conclusions were also drawn by Vianco [67], Onishi and Fujibuchi [68] and Labie et
al [69].
The progress of diffusion with time needs to be examined. As shown in the
micrographs, the diffusion between substrate and overlay was relatively fast at the
beginning, which consequently resulted in the fast intermetallic layer growth during
the first 50 hours. From 50 hours to 100 hours, variations in the intermetallic layer
thickness were fairly small and are difficult to discern in the 3 um-J urn sample.
After 100 hours, the diffusion proceeded very slowly until the intennetallic
compound layer took over about half of the original overlay thickness. Fujiwara et al
reported similar findings in that the Sn-Cu intennetallic zone grew quickly initially
[57].
It was thought that the E-Cu3Sn phase grew simply as a function of temperature
whilst for the ll-Ct16Snsphase, the growth rate depended on many factors apart from
the temperature, such as substrate type and coating composition. The total thickness
ofCu3Sn+Ct16Sns grew at a rate which has been mathematically expressed as [169]:
d = k.Jt (8.1)
where,
IS9
d =Thickness of diffusion layer (run),
k = Rate constant,
t = Time (s)
Literature values for k, the rate constant, vary widely, reflecting effects such as that
of the temperature, substrate, the coating composition, incorporation of brighteners
and most of all, the coating fabrication methodology used. The value of k for pure
electroplated tin on soft Cu and electroplated 60Snl40Pb on soft Cu at 170 "C were
determined to be 6.35 and 6.36 respectively [170]. Thus the diffusion layer thickness
of pure tin and 60Snl40Pb after 24,50, 100,250 and 400 hours heat treatment can be
calculated using equation 8.1. The results are shown in Fig. 8.4. The intermetallic
layer thickness of samples shown in Fig. 8.1 were measured for comparison
purposes. Values quoted were an average based on five different locations on the
micrograph.
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Fig. 8.4 Diffusion layer thickness (urn) of three different systems after 24,50, 100,
250 and 400 hours heat treatment. (a-diffusion layer thickness of tin on soft Cu at
170 °C; b-diffusion layer thickness of 60Snl40Pb on soft Cu at 170 °C; c-diffusion
layer thickness of SnCo multilayer coating electroplated onto bearing lining
material-bronze at 150 °C.)
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Because the diffusion layer thickness in the SnCo multi layers on the bronze bearing
lining were measured from the micrographs, the measurement was not quite precise.
Therefore it was difficult to calculate the rate constant k of present SnCo system
using equation 8.1. However, as can be seen in Fig. 8.4, the diffusion rate for system
c was obviously higher than a and b, particular in the early stages of heat treatment.
After 250 hours the difference was minimal. As can be seen, there were many
differences between a, band c, for example, different substrates, different coating
compositions and slightly different annealing temperatures. Thus it was impossible
to identify which factors dominated the initial diffusion differences.
Another phenomenon can be seen in the micrographs from Figs. 8.1 and 8.2, this
was the formation of Kirkendall voids, as illustrated in Fig. 8.5. These voids were
mainly along the interface between the substrate and overlay, although a small
number of them were present inside the overlay. The voids were small and isolated
for short time heat treatments. In contrast, they coalesced to bigger features after 400
hours heat treatment. The Kirkendall effect is a time and temperature-dependent
phenomenon [55]. Therefore as time for diffusion increased, more voids were
created and coalesced.
a b
Fig. 8.5 Diffusion voids in 3 urn-S urn SnCo multilayer samples. (a), after 25 hours
heat treatment at 150°C; (b), after 400 hours heat treatment at 150 °C.
As shown in figures above, the majority of Kirkendall voids were located either in the
Cu-Sn-phase or along the Cu-Cu3Sn interface. This has been reported as a common
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phenomenon of Cu-Sn diffusion couples [63, 74]. From a phenomenological
viewpoint it was conceivable that at the reaction interfaces, Cu-Sn intermetallics
nucleated and grew by the loss of Cu or Sn atoms from, or by adding Cu or Sn atoms
to, the adjoining phase layer. In other words, the observed formation of Kirkendall
voids resulted from either the faster diffusio n of tin atoms to the compound-Cu
boundary or the more rapid movement of copper atoms to the Sn-compound interface
[63]. Bhedwar et al. [171] recorded molybdenum marker movement into the tin in
most of the Sn/Mo/Cu bulk specimens diffusion annealed at 200°C. These results
were consistent with the general observation that the lower melting point species was
the one with the higher mobility [172]. Bhedwar et al. have also remarked that the
implication Dsn> Dee was inconsistent with the finding of Dyson and coworkers [54]
that copper diffused interstitially and hence rapidly in tin at these temperatures. Itwas
known, however, that the exceptionally high diffusivities of more noble metals in
indium, tin, lead and thallium can decrease markedly as their concentration in the
solvent increased [173]. It was conceivable, then, that the grain boundary diffusivity
of tin in copper could exceed the diffusivity of copper in tin if the latter underwent a
strong concentration-dependent reduction.
Based on the previous discussion, it can be concluded that the Kirkendall voids in the
present Sn-Co-bronze bearing system were formed most likely by the more rapid
movement of tin. As can be seen in Figs. 8.1 and 8.2, many voids were detected inside
the overlay which indicated rapid movement away by tin at the chosen operating
. temperature. The reasons behind that could be:
• higher mobility associated with the lower melting point species, tin, or,
• copper underwent a strong concentration-dependent reduction; therefore tin
dominated the diffusion process.
Elemental mapping results are shown in Figs. 8.6 and 8.7. These results not only
confirmed the interdiffusion in the present bearing system but also portrayed the
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movement of the individual elements.
As can be seen, tin remained mainly in the overlay before heat treatment despite the
detection of a small level in the substrate. As noted earlier, the bearing lining
material used in this experiment was bronze (CuPbSn). Therefore, it was difficult to
confirm the movement of Sn during the heat treatment process because of the initial
existence of Sn in the substrate.
Unlike Sn, Cu was detected at a significant level in the substrate before heat
treatment. No Cu was picked up elsewhere. After 25 hours heat treatment, the
diffusion of Cu was clearly evident, as can be seen in figure 8.6 (b) and 8.7 (b).
Prolonged annealing time deepened the diffusion process and Cu moved steadily
toward the top of the overlay.
There were several intermetallic compound possibilities resulting from the diffusion
between Cu and the overlay. However, the work of Shih et.al's [100] did not show
any traceable evidence of diffusion between Co and Cu because the solubility of the
Cu-Co couple was limited. Therefore the diffusion between Cu and Co lacked a
driving force and Cu-Sn intermetallic compounds remained the only possibilities.
For the diffusion of Co, it was noticed that no Co was detected inside the substrate
even after 400 hours heat treatment. This confirmed the immunity to interdiffusion
between Co and Cu. On the other hand, the variation of Co distribution clearly
occurred inside the overlay. As can be seen, the as-plated sample exhibited a clear
layered structure. However, this structure began to disappear after 25 hours heat
treatment. Eventually Co was homogenised all over the overlay and the layered
structure no longer existed. Such a result suggested that there is an interaction
between Sn and Co inside the overlay. Full details are discussed in Section 8.2.
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a b c
d e f
(a) Elemental map for Sn (a-as-plated, b-24 hours, c-SOhours, d-lOO hours, e-2S0
hours, f-400 hours)
a b c
d e f
(b) Elemental map for Cu (a-as-plated, b-24 hours, c-SOhours, d-lOO hours, e-2S0
hours, f-400 hours)
164
a b c
d e f
(c) Elemental map for Co (a-as-plated, b-24 hours, c-SOhours, d-lOO hours, e-2S0
hours, f-400 hours)
Fig. 8.6 Elemental maps for coated bearing systems before and after heat treatment
at ISO °C (3 urn-Sum multilayer samples)
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(a) Elemental map for Sn (a-as-plated, b-24 hours, c-SO hours, d-lOO hours, e-2S0
hours, f-400 hours)
a b c
d e f
(b) Elemental map for Cu (a-as-plated, b-24 hours, c-SO hours, d-lOO hours, e-2S0
hours, f-400 hours)
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(c) Elemental map for Co (a-as-plated, b-24 hours, c-50 hours, d-IOOhours, e-250
hours, f-400 hours)
Fig. 8.7 Elemental maps for coated bearing systems before and after heat treatment
at 150°C (1 um-I urn multilayer samples)
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Fig. 8.8 shows the linear compositional analysis results for an as-plated sample and a
100 hours heat treatment sample.
This figure was another demonstration of interdiffusion in the bearing system. For
the as-plated sample, a very high level of Sn was observed from position I to
position 7. However, such a high Sn content was clearly divided into two levels
which was in accordance with the proposed multilayer structure. It is noteworthy that
8.25% and 8.26% Sn were found in positions 9 and 10 respectively which confirmed
the initial existence of Sn in the substrate.
After 100 hours heat treatment, three levels of Sn were detected. From position I to
position 3, about 85% Sn was found because these positions were still in the
diffusion-free zone. A slightly lower Sn content was detected from positions 4 to 7.
As can be seen in the micrograph, these four positions were located in the
intermetallic zone; therefore Sn was at a lower concentration due to copper diffusing
into this area. Finally, the lowest Sn content appeared in the substrate zone, which
included positions 8, 9 and 10. However, the Sn concentrations in these positions
were still higher than that of similar positions before heat treatment which indicates
some Sn may have diffused into the substrate during the heat treatment process.
,
A similar variation tendency was observed for Cu as well. Before heat treatment, no
substantial Cu was detected inside the overlay and about 90% Cu was found inside
the substrate. After 100 hours heat treatment, there was still no Cu in the diffusion-
free zone and at the same time the Cu content in the intermetallic zone increased
from zero to about 30%. On the other hand, a slight lowering of Cu content was
noticed in the substrate zone after heat treatment. As mentioned above, the lowering
of Cu content may be due to the diffusion of Sn.
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(a) as-plated (b) After 100 hours heat treatment
2 3 4 5 6 7 8 9 10
As-plated 95.8 90.1 83.9 95.7 96.5 85.5 82.1 21.8 8.3 8.3
100 hours 84.8 87.2 84.9 67.7 59.9 59.3 56.2 31.4 27.2 14.3
(a) Sn distribution (wt%)
1 2 3 4 5 6 7 8 9 10
As-plated 0.8 0.7 1.4 1.2 1.6 1.9 3.3 74.9 90.4 91.3
100 hours 2.9 3.1 3.9 21.1 32.4 31.2 35.9 67.3 71.4 84.4
(b) Cu distribution (wt%)
1 2 3 4 5 6 7 8 9 10
As-plated 3.4 9.2 14.7 3.1 1.9 12.6 14.6 3.3 1.3 0.4
100 hours 12.3 9.7 11.2 11.2 7.7 9.5 7.9 1.3 1.4 1.3
(c) Co distribution (wt%)
Fig. 8.8 Elemental compositional distributions in 3 urn-S J.1mmultilayer coated
bearing (a-as-plated, b-after 100 hours heat treatment at 150°C)
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Unlike Sn and Cu, no Co was found inside the substrate zone, no matter whether the
sample was 'as-plated' or heat treated. This confirms Shih's suggestion that the
solubility between Cu and Co was limited [100]. However, the Co concentration
homogenised inside the overlay after 100 hours heat treatment and eventually
remained at about 10% throughout the overlay. Such a compositional analysis result
for Co agreed well with previous elemental mapping results (see micrograph 8.6(c)
and 8.7(c))
8.1.2 Diffusion with a nickel barrier layer present
Figs. 8.9 and 8.10 show the cross-section profile and elemental mapping
micrographs for a single 3 urn Sn layer, with and without a Ni barrier layer, after 100
hours heat treatment at 150 °C.
As can be seen in the elemental mapping micrographs of Fig. 8.10 b, the diffusion
between substrate and overlay appeared to be impeded by the Ni barrier layer.
Without the Ni barrier, the Cu occupied about half of the original overlay thickness
after 100 hours heat treatment. In contrast, the composition of the coating was
preserved with the assistance of the 5 urn Ni barrier layer and no interdiffusion
between Sn and Cu was observed.
Figs. 8.11 and 8.12 show the cross-section profiles and elemental mapping
micrographs of a 3 urn single SnCo layer with and without a nickel barrier layer after
100 hours heat treatment at 150 DC.
Comparing data with results for the single Sn layer, it was clear that no diffusion
occurred between the overlay and the substrate with the Ni barrier layer present.
However, the diffusion process was blocked as well even without the assistance of
Ni barrier layer. As can be seen in Figs. 8.11 and 8.12, Sn remained well inside the
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overlay and at the same time no Cu was detected outside the substrate. Such a
phenomenon was further investigated and discussed in sections 8.3 and 8.4.
Fig. 8.13 shows the EDX surface analysis data for the single SnCo layer and single
Sn layer without a Ni barrier layer present after 100 hours heat treatment. 48.8%
(wt%) Cu was detected on the single layer Sn surface after 100 hours heat treatment
whilst no Cu was evident on the single layer SnCo surface. The results again
suggested that the single SnCo layer was quite effective in blocking the diffusion
between the substrate and overlay.
a
b
Fig. 8.9 Cross-section profile of single 3 urn Sn layer after 100 hours heat treatment
at 150 °C (a-without Ni barrier layer, b-with 5 urn Ni barrier layer)
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Fig. 8.10 Elemental mapping ofSn (red), Cu (green), Ni (blue) in single 3 urn Sn
layer after 100 hours heat treatment at 150°C (a-without Ni barrier layer, b-with 5
urn Ni barrier layer)
a
b
Fig. 8.11 Cross-section profile of 3 urn single SnCo layer after 100 hours heat
treatment at 150°C (a-without Ni barrier layer, b-with 5 urn Ni barrier layer)
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a b
Fig. 8.12 Elemental mapping ofSn (red), Cu (green), Co (yellow), Ni (blue) layer
after 100 hours heat treatment at 150°C (a-without Ni barrier layer, b-with 5 lim Ni
barrier layer)
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Fig. 8.13 EDX analyses of the surfaces of single SnCo and single Sn coatings
without a Ni barrier after 100 hours heat treatment at 150°C. (a-single Sn layer, b-
single SnCo layer)
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8.2 Diffusion inside overlay
At a typical engine operating temperature, 150 °C-160 °C [174], diffusion took place
not only between the overlay and substrate, but also inside the overlay coating. This
has already been noted from the Co elemental mapping micrographs (Figs. 8.5(c)
and 8.6(c». As shown, Co became homogenised throughout the overlay structure
after a certain period of heat treatment. However, only one experiment type was not
considered adequate to draw a firm conclusion and therefore a new experiment was
carried out to further estimate the interdiffusion inside the overlay along the Sn-
SnCo interface. The design philosophy of the experiment was described in section
5.4.3.2. The etchant was assessed before carrying out the experiments to make sure it
only removed Sn.
Figs. 8.14 and 8.15 show the etchant assessment results of single Sn and single SnCo
layers on copper sheet substrate. It was clear that 5% HN03 was an ideal etchant to
carry out the experiments. As shown in Fig. 8.14, 5% HN03 removed a significant
amount of the single Sn layer surface after 5 seconds immersion and the Cu substrate
underneath was largely exposed. The single SnCo layer remained intact after 5
seconds immersion and no obvious microstructural and compositional variations
were detected.
Fig. 8.16 shows Sn-SnCo interfaces following removal by etching of the Sn layer
before and after 100 hours heat treatment. The samples were multilayer with 1 um-
lum thickness configuration. 5 urn Ni barrier layers were used to block the diffusion
along the substrate-overlay interface and hence these were present as a layer between
the overlay coating and the substrate.
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Fig. 8.14 Effect of 5% HN03 on 3 urn single Sn layer after 5 seconds immersion.
((a)-before etching, (b)-after etching)
• Sn: 88.2%
Co: 11.8%
EHT.20.00kV SignIIA·SE1 o..:teo.t2OOfi
wo. 10mm F'tWIIuNo.·1I155
EHT.2C.OOtN SIgnt!IA·se1 o...:'8Dec2005
wo- 11mm PIII*I No •• 185eH
(a) (b)
Fig. 8.15 Effect of 5% HN03 effect on 3 urn single SnCo layer after 5 seconds
immersion. ((a)-before etching, (b)-after etching)
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Fig. 8.16 Sn-SnCo interface structures after the removal of top Sn layer by etching in
5% HN03 for 5 seconds. The samples are multilayers with 1 um-Ium thickness
configuration. 5 urn Ni barrier layers below the coatings were used to block diffusion
along substrate-overlay interface. (a-as-plated, b-24 hours, c-50 hours, d-l00 hours,
e-250 hours, heat treated at 150°C)
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As can be seen, the interface of the as-plated sample was very smooth after the
removal of the top Sn layer (Fig. 8.16a). After 25 hours heat treatment, the interface
was no longer smooth and a different type of grain was detected. Such grain growths
were of a needle shape and became more and more obvious with prolonged heat
treatment time (Figs. 8.16 b-8.16 e).
Fig. 8.16 gives further evidence of interdiffusion between Sn and Co. If there was no
interdiffusion between the Sn sublayer and the SnCo sublayer, the original interface
should remain the same, no matter how many hours heat treatment the sample
underwent. However, as shown in Fig. 8.16, the interface rapidly transformed at the
experimental temperature (150°C), even after only 25 hours. At the same time a
needle-shape crystal growth was found along the Sn-Co interface. Such results agree
well with the previous elemental mapping observation of Co in Section 8.1.
According to literature [87-91], there are four intermetallic phases between Sn and
Co. The phase C03Sn2 and CoSn are stable when T s 873K. CoSn2 is stable at
T~773K and decomposes at 873K. CoSn3 will be unstable at T~673K. It appears
that all four intermetallic compounds could nucleate at the present operating
temperatures of 423K. Thus the needle shape crystals were thought to be formed by i)
the transformation of Sn-Co intermetallic compound or ii) the natural diffusion
between Sn and Co without phase transformation. The identification of needle shape
crystals is further studied in Section 8.3.
8.3 Phase identification before and after heat treatment
Fig. 8.17 and Table 8.2 show XRD spectra and phase identification of a single SnCo
layer before and after 100 hours heat treatment at 150 cC.
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Fig. 8.17 XRD spectra for 3 urn single SnCo layers before and after heat treatment.
Micrograph are included showing the surface SEM morphology. (a-as-plated, b-after
100 hours heat treatment at 150°C)
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Table 8.2 Phase identification of a single SnCo layer before and after 100 hours heat
treatment at 150°C. (a-as-plated, b-l00 hours heat treatmet at 150°C)
Peak angle 0 31.24 38.32 43.36 44.62 50.48 65.04 74.16 78.12
Corresponding
unknown unknown Cu unknown Cu unknown Cu unknown
species
(a)
Peak angle 0 28.28 30.32 32.54 35.68 38.42 40.34 43.48 45.42
Corresponding
species
Peak angle 0 50.48 59.98 62.82 68.5 71.98 74.16 79.84
Corresponding
species
eu CoSn2, CoSn2,
Cu6Sns CU6SnS
Cu
(b)
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As can be seen in Fig. 8.17 and Table 8.2, only Cu was clearly detected on the pre-
heat-treated single SnCo surface. Other peaks were believed to be the SnCo
intemetallic compounds. However, these peaks could not be identified from the
Powder Diffraction Files. In other words, the electroplated SnCo intermetallic was
not a known structure in the existing SnCo equilibrium diagram and therefore may
be in a thermodynamic unstable state.
It has been long acknowledged that electrodeposited alloys may differ considerably in
their phase constitution from alloys of same chemical composition but obtained by
metallurgical thermal methods. Watanabe [175] thought that the metastable phases
were caused by the relatively low temperature conditions associated with aqueous
electroplating processes. During a binary alloy electroplating process, the surface
diffusion of two different electrodeposited atoms may occur on the cathode surface.
However, the questions were how far the atoms moved by diffusion and how they
became stable by combination with each other. Generally, the distance of diffusive
movement was considered to be related to the electroplating temperature and the
movement distance increased with increasing plating temperature. However, most of
the processes have the characteristic feature of forming a solid coating at a
temperature relatively close to room temperature. This means the formation of a solid
at a low temperature condition and further suggests the possibilities for the formation
of metastable phases. Watanabe deemed that the first factor determining the structure
of an electroplated film was the magnitude of the affinity between the two types of
deposited atoms. A high affinity between different kinds of atoms meant a higher
possibility of metastable compound formation. The metastable phase was often
transformed to the stable intermetallic compound by heat treatment.
After 100 hours heat treatment, the unknown SnCo intermetallic was no longer
evident in the XRD spectrum. Instead, it transformed to one of the well-established
thermally stable structures, COSn2. In addition, CU(jSns, one of the Cu-Sn
intermetallic compounds, may exist as well after 100 hours heat treatment because
180
some of its peaks were identified on the XRD spectrum (Fig. 8.17b). However, most
of the peaks were small and overlapped with the peaks for CoSn2.
The transformation proved again that the electroplated SnCo structure was in a
thermally unstable state and this transformation could occur at high temperatures.
The stabilised structure of the single SnCo layer after heat treatment agreed well
with the X-ray diffraction study by Abd et al. (104). They found that in the tin rich
portion of SnCo electrodeposits from a gluconate bath (88% of tin), the tetragonal
CoSn2 phase and minor quantities of tetragonal p-Sn form crystals dominated the
electrodeposits. Based on XRD results in Fig. 8.17 the phase transformation of the
SnCo single layer during the heat treatment process can be expressed as follows:
MetastableSnCo phase ~ CoSn2 +Sn(minorquantity)
The XRD results may also explain the reason why no visible interdiffusion occurred
along the substrate-overlay interface of the single SnCo layer sample in Figs. 8.11
and 8.12. As can be seen in Fig. 8.17 and Table 8.2, very little Sn existed after 100
hours heat treatment which indicated that the diffusion between Cu and Sn was very
small. Consequently the concentration of Sn-Cu intermetallic compounds along the
interface may be low and not sufficient to be detected by EDX analysis which finally
resulted in what appeared to be diffusion-free characteristic for the single SnCo layer.
Fig. 8.18 shows an XRD spectrum of a single Sn layer after heat treatment. Both
CU3Snand Cu.Sn, as well as atomic Sn and Cu were identified, see Table 8.3, which
agreed well with previous results in Section 8.1.
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Fig. 8.18 XRD spectrum of a 3 11msingle Sn layer after 100 hours heat treatment at
150 °C. The SEM micrograph illustrated is the surface morphology.
Table 8.3 Phase identification of a single Sn layer after 100 hours heat treatment at
Peak angle ° 30.14 32.04 37.6 39.4 41.9 42.98 44.94 53.36
Corresponding CU6SnS,
CU6Sn5,
CU6SnS
Sn CU3Sn Sn CU3Sn CU3Sn Sn
species Sn Cu
Cu
Peak angle 0 57.5 62.64 67.9 70.84 77.44 78.94 83.0
Corresponding CU6SnS,
CU3Sn CU6SnS CU3Sn CU6SnSCU3Sn Cu3Snspecies Sn
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Fig. 8.19 shows an XRD spectrum of the Sn-SnCo interface in Fig. 8.16 after 24,50,
100 and 250 hours heat treatment. The top Sn sublayers of these samples were
removed by etching in 5% HN03 to reveal the Sn-SnCo interface. Table 8.4
identifies the peaks of Fig. 8.19.
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Fig. 8.19 XRD spectra of the Sn-SnCo interfaces after 24,50, 100 and 250 hours
heat treatment at 150°C. The top Sn sublayers of these samples were removed by
etching in 5% HN03 for 5 seconds to reveal the interface. (a-24 hours, b-50 hours, c-
IaO hours, d-250 hours)
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Table 8.4 Phase identification of the Sn-SnCo interface after 24,50, 100 and 250
hours heat treatment at 150°C. The top Sn sublayers of these samples were removed
by etching in 5% HN03 for 5 seconds to reveal the interface.
Peak angle ° 28.3 30.36 31.8 33.26 35.64 40.42 43.08
Sn,
Corresponding Sn, Sn, CoSn2,
CoSn3 CoSn3CoSn3 Sn
species CoSn3 CoSn2 CoSn3
CoSn2
Peak angle ° 44.94 45.78 62.76 66.46 69.08 74.97 79.54
Corresponding
CoSn2 CoSn3
Sn,
CoSn2 CoSn2 SnSn
species CoSn2
As can be seen, the interface structure was identical for these samples. Similar peaks
were identified although the samples underwent different heat treatment times. The
peaks were found, through powder diffraction files, to belong to Sn, u-CcSn, and
CoSn2 intermetallic compounds.
The transformation of CoSn2 is noteworthy. As shown in the SEM micrographs of
Fig. 8.16, a needle shaped crystal growth was identified along the SnCo-Sn interface
during the heat treatment process. It was presumed to be either a new phase
formation of SnCo intermetallic compound or the diffusion of Co without phase
transformation. Here it can be confirmed that the some of the original CoSn2
structure transformed to o-Co'Sn, with excess Sn supply. Therefore the needle shaped
crystals may be the result of the formation of a-CoSn3. However, Lang and Jeitschko
[90] reported that the reaction L+CoSn2+-+fJ-CoSn3was found to take place at 34S±2
°C, while the transition /I-CoSn3 +-+a-CoSn3 occurred at 275±5 °C. The present
results show disagreement with their findings.
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8.4 The effect of cobalt on diffusion along the substrate-overlay
interface
Fig. 8.20 summarises the results of the investigation into the diffusion along the
substrate-overlay interface in sections 8.1, 8.2 and 8.3.
Diffusion occurs
between substrate
and overlay
Heat treatment
Multilayer
Laminate
Single Sn layer
Heat treatment
Single SnCo layer
Heat treatment
Diffusion occurs
between substrate
and overlay
No visible diffusion
between substrate
and overlay
Fig. 8.20 Diffusion variation flow chart for present plain bearing system
From Fig. 8.20, it is clear that the concentration of Co played a vital role in the
initiation of diffusion between substrate and overlay as Co alloyed with Sn to form
intermetallic compounds which reduced or eliminated the existence of atomic Sn.
Consequently, the diffusion along the overlay-substrate interface was blocked or
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minimised due to the much reduced level of free Sn.
Fig. 8.21 shows the surface EDX analysis results of two different layer
configurations after 100 hours heat treatment at 150 DC.One of the samples was the
normal single 311m SnCo layer whilst the other one was a dual layer sample with 3
11mSnCo+ 1 11mSn configuration.
a (3IlSnCo) b (3IlSnCo+ IIlSn)
Sn 81.9% 78.9%
Co 18.1% 12.4%
Cu 0% 8.7%
Fig. 8.21 Surface EDX analyses of two different layer configurations after 100 hours
heat treatment at 150 DC.(a-3IlSnCo, b-SjrSnf.o+ IIlSn)
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It can be seen that no Cu was detected on the single 3urn SnCo layer surface after
100 hours heat treatment, which confirmed the diffusion free conditions promoted by
the single SnCo layer. However, 8.7% (wt%) Cu was found on the 3J.lSnCo+IJ.lSn
dual layer surface after 100 hours heat treatment. At the same time, the Co
concentration of the dual layer dropped from 18.1% (wt%) to 12.4% (wt%) whilst no
significant Sn variation was noticed, 81.9% (wt%) for single layer and 78.9% (wt%)
for dual layer.
Fig. 8.21 gave a good interpretation of the diffusion sequence for the multilayer
overlay. It was thought that at the operating temperature, the diffusion occurred
firstly between Sn and Co which resulted in the Co concentration being
homogenised in the dual layer sample. This homogenisation process has been
confirmed as shown in Fig. 8.21 with the Co concentration decreased from 18.1%
(wt%) to 12.4% (wt%). At the same time, the lowering of Co content in SnCo
sublayer released a certain amount of free atomic Sn, or in essence, the atomic Sn in
the top Sn sublayer reached the substrate-overlay interface after the homogenisation
of Co. At this point the interdiffusion along substrate-overlay interface was finally
initiated.
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CHAPTER 9
INVESTIGATION OF MECHANICAL
PROPERTIES
9.1 Introduction
High fatigue strength is always desirable in the plain bearing industry as stronger
overlay materials can significantly extend the service life of the bearing. Generally,
the fatigue strength of an overlay material can be largely improved if it possesses
both high hardness and good ductility [129].
On the other hand, there are many variables during the pulse plating process, such as
peak current density, duty cycle and frequency. By selecting these parameters
carefully, it is possible to obtain overlays with different microstructures and
composition. It is acknowledged that microstructure has a close relationship with the
hardness and ductility of materials, which in turn affect the bearing overlay's fatigue
life.
The aim of the work carried in this chapter was to establish the relationship between
operating conditions of the pulse plating process, overlay microstructure and
mechanical properties and thus to assess if there is a possibility of further improving
the overlay fatigue strength from the current tin-cobalt gluconate electrolyte.
9.2 Pulse plating operating conditions and overlay microstructures
Fig. 9.1 shows the surface SEM micrographs of a 3 urn single SnCo layer. The
samples were electroplated at 3 A dm·2 average current density, but at different pulse
plating duty cycles ranging from 50% to 6.25%.
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(c)
(d)
Fig. 9.1 Surface SEM micrographs of single 3 urn SrrCo layer electrodeposited with
the following duty cycles (from (a) to (e), 50%, 33.3, 20%, 10%,6.25%). The
samples were produced at 3 A dm" average current density.
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As can be seen, there are no significant microstructural differences between these
samples. All of them exhibited a slightly rough but uniform surface with nodular
outcrops and the general grain morphologies were very similar. However, tiny
differences did exist. As can be seen in Fig. 9.1, the grain size tended to become
smaller when the duty cycle was decreased. This variation tendency was even clearer
on larger magnification micrographs as shown in Fig. 9.2.
(b)
Fig. 9.2 SEM micrographs of the surface morphology of single 3 urn SnCo layers.
The samples were produced at 3 A dm-2 average current density but under different
duty cycles ((a), 50%; (b), 6.25%).
190
The smaller grain size of the 6.25% duty cycle sample was thought to be caused by
the higher cathodic polarisation associated with the low duty cycle process. A higher
peak cathode current density was required for an electroplating process with a low
duty cycle in order to achieve the same deposition rate, and hence the same average
current density. The peak current density of samples produced under different duty
cycles can be calculated using equation 2.19 and the results are shown in Table 9.1.
Table 9.1 Peak current densities utilised for single 3 urn SnCo samples produced at 3
A dm-2 average current density, but under different duty cycles
Duty Cycle 50% 33.3% 20% 10% 6.25%
Peak current
density (A dm-2)
6 9 15 30 48
As can be seen, the peak current density at 6.25% duty cycle was eight times higher
than that of the 50% duty cycle sample. Since the nucleation rate of a growing
electrodeposit is proportional to the applied current density, the use of high current
density pulses can produce deposits with reduced porosity and more importantly, a
finer grain size. The reason behind the finer grain deposits has already been
discussed in chapter 7, in essence under such high peak current density condition,
the crystal grains haven't enough time to grow, and fresh nucleation thus producing
finer grains in the electrodeposit.
Fig. 9.3 shows the Co composition variation of single 3 urn SnCo with respect to
duty cycles. The samples were produced at 3 A dm-2 average current density but
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under different duty cycles.
20 30
Duty cylcle (%)
40 50o 10
Fig. 9.3 Variation in cobalt content for single layer 3 urn SnCo samples produced at
3 A dm-2 average current density, but under different duty cycles.
It is clear from Fig. 9.3 that the Co content was under 10% (wt%) at 50% duty cycle.
However, this value gradually increased when the duty cycle was lowered. Finally,
the Co content stabilised between 15% and 16% (wt%).
A similar result for the overlay composition variation has already been discussed in
Section 6.1.1. The high peak current density associated with a low duty cycle
process favours the deposition of the less noble metal, Co.
Fig. 9.4 shows the surface SEM micrographs of single SnCo layers 'of 3 urn
thickness. The samples were electroplated at 3 A dm-2 average current density, but
under different pulse plating frequencies ranging from 200 Hz to 4 Hz. Fig. 9.5
shows increased magnification micrographs of these different grain growth modes.
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(c)
(d)
Fig. 9.4 SEM micrographs of the surface of single layer 3 urn snco coatings
electrodeposited with the following frequencies (a- 200 Hz, b-40 Hz, c-20 Hz, d-8
Hz, e-4 Hz). The samples were produced at 3 A dm-2 average current density.
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Fig. 9.5 Higher magnification SEM micrographs of the surface of single 3 urn sneo
layers electrodeposited at different frequencies (a-200 Hz, b-4 Hz)
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As shown in Fig. 9.4, frequency had a noticeble influence on the shape of the
crystals and two distinctive grain growth modes were noted in Fig. 9.4. Generally,
round/angular nodular grain shapes were produced at 8, 20, 40 and 200 Hz although
the crystal sizes were slightly different. For the 4 Hz sample, the regular surface
morphology no longer existed. Instead, a mushroom-bar mixed growth was
identified (Fig. 9.5).
The influence of pulsating parameters on the deposits has been studied by various
authors (176, 177). At higher frequencies the pulsating current is used for both
double layer charging and for the electrodeposition process [177]. The capacitance
current of periodic charging and discharging of the double layer cannot be neglected
under high frequencies and produces a smoothing of the Faradic current wave.
Hence, as the frequency increases, the Faradic current wave flattens and approaches
direct current even though the overall current appears to be pulsating.
As calculated in Section 6.1.1, the upper limiting frequency under present operating
conditions was 1765 Hz which was obviously much higher than all the frequencies
used in this experiment. Therefore, the smoothing effect of pulse current was not
applicable in this case and the damping of the Faradic current did not take place. The
grain shape variation may therefore be solely due to the concentration polarisation
effect associated with low frequency processes.
Fig. 9.6 shows the Co content variation of single 3 urn SnCo with respect to
frequencies. The samples were produced at 3 A dm-2average current density.
As can be seen in Fig. 9.6, the cobalt percentage in the deposit was very stable at
around 15% (wt%).
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Fig. 9.6 Co Variation of cobalt content for single 3 urn SnCo samples produced at 3
A dm-2 average current density, but under different frequency conditions.
Because these samples were produced at the same average current density (3 A dm-2)
and same duty cycle (20%), the theoretical peak current density should be same (15
A dm"), The smoothing effect of the pulse current was not applicable at the
frequency studied. The theoretical peak current density, and hence the peak cathodic
overpotential, was attainable for all the samples and consequently the deposits with
similar compositions were produced.
9.3 Single layer hardness measurements
Fig. 9.7 shows the hardness of single layer 3 urn SnCo samples produced at 3 A dm-2
average current density, but under different duty cycle conditions. The corresponding
overlay compositions are also shown in the figure.
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Fig. 9.7 Hardness of single layer 3 urn SnCo samples produced at 3 A dm-2average
current density and different duty cycles.
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Three hardness regimes were observed in Fig. 9.7. At 50% duty cycle, the hardness
value was very low, at round 60 HV. However, it increased significantly with lower
duty cycles. As can be seen, the hardness values were approximately 270 HV at
33.3% and 20% duty cycles. Further lowering of the duty cycle did not increase the
hardness value any higher. Instead, the hardness value decreased to 198 HV and 218
HV at 10% and 6.25% duty cycles.
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The low hardness at 50% duty cycle was thought to be caused by the low Co
concentration in the deposit. As shown in Fig. 9.7, the Co concentration was only
7.3%. At 33.3% and 20% duty cycles, the Co concentration increased to around
15%. At this point, no free Sn existed any more, which has already been shown in
the XRD results of Section 8.3, and at the same time hard SnCo intermetallic
33.3% 20% 10% 6.25%
compound dominated the structure. Therefore the hardness increased to
50%
1 Co (wt%) -+- Hardness (HV) I
approximately 270 HV.
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Further lowering of the duty cycle reduced the single layer sample hardness. The
reasons for this was not easy to interpret it because higher hardness was expected due
to the further refined grain size associated with 10% and 6.25% duty cycle conditions.
Various researchers have noticed this phenomenon [178-182]. Generally, the
mechanical strengthening mechanism of refined crystals has been explained by the so-
called Hall-Petch relationship [183]. This can be expressed as follows:
(9.1)
where,
H =Hardness,
d = Average grain diameter,
Ho, K, = Material dependent constants, which are determined experimentally for a
given specific metal
This relationship is applicable for mean grain sizes of 100 nm or larger. Generally,
small grained structures, according to the Hall-Petch relationship, can provide higher
hardness values. The Hall-Petch relationship is based on the idea that grain
boundaries act as obstacles to dislocation glide. Dislocations require greater amounts
of energy to overcome these barriers to motion. Since dislocations are responsible for
plastic deformation, this phenomenon manifests itself macroscopically as an increase
in material strength. However, as the crystal is further refined from the micrometre
regime into the nanometre regime, this process invariably breaks down and the
hardness variation no longer obeys Hall-Petch relationship. With further grain
refinement, the yield stress peaks at a mean grain size at approximately 10 nm in
many cases [184]. Further decrease in grain size can cause softening of the structure
because, for very small grains, the deformation mechanism is different. It has been
proposed that plastic deformation is no longer dominated by dislocation motion but by
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atomic sliding of grain boundaries [185]. In this small grain size regime, this sliding
effect would tend to dominate because of the larger ratio of grain boundary to crystal
lattice. This mode of deformation leads to observed softening of a material and then
the Hall-Petch relationship slope turns from positive to negative in the nanometre
range. This is called the inverse Hall-Petch relationship.
As shown in Figs. 9.1 (d), 9.1 (e) and 9.2 (b), the grain size of single 3 urn SnCo
layers continuously decreased at 10% and 6.25% duty cycles due to further improved
peak cathode current densities and cathodic polarisation. Subsequently some of the
crystals may finally enter nanometre range where the hardness variation was no
longer under Hall-Petch relationship control. Consequently, as shown in Fig. 9.7, the
hardness value decreased to 198 HV and 228 HV respectively under these conditions.
Fig. 9.8 shows the hardness of single 3 urn SnCo samples produced at 3 A dm"
average current density, but under different frequency conditions. The corresponding
overlay compositions are also shown in the figure.
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Fig. 9.8 Hardness of single layer 3 urn Sn samples produced at 3 A dm-2 average
current density and different frequencies.
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9.4 Single layer ductility assessments
9.4.1 Assessment of single SnCo layer ductility
Fig. 9.9 shows the cracked single 3 urn SnCo layer surfaces after tensile testing. The
samples were produced at 3 A dm-2 average current density, but under different duty
cycles. The samples were then elongated to 5% using a Lloyd L10000 tensometer at
a constant rate of2 mm min-l at room temperature.
Generally, all of the samples showed cracked surfaces after elongation. However,
there were clear differences between them. At 50% duty cycle, the cracks on the
sample surface were quite evident. A number of long, wide and straight cracks can
be clearly seen. As the duty cycle was lowered, for example, to 33.3% and 20%,
similar cracking could be observed on those sample surfaces. However, they are not
as evident as those on the 50% duty cycle sample. Less wide and straight cracks
were detected. Further lowering of the duty cycle not only changed the crack sizes,
but also their propagation mode. As shown in the micrographs of 10% and 6.25%
duty cycle samples, the cracks became visibly unclear and in some areas even cannot
be seen on the surfaces under the low magnification on the SEM micrographs. The
aforementioned cracks propagated no longer in a straight line, but instead, a zigzag
growth mode was observed.
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Fig. 9.9 Cracked surfaces of single 3 urn SnCo layers produced at 3 A dm-2 average
current density, but under different duty cycles (a-50%, b-33.3%, c-20%, d-lO%, e-
6.25%)
203
The variation of crack mode with respect to duty cycle was much clearer on higher
magnification micrographs. These different crack propagation modes are evident in
Fig. 9.10. As can be seen, nearly all the cracks on the 50% duty cycle sample surface
were in a straight line with no arrest in the middle. In other words, the cracks
progressed continuously from the top of the micrograph until the bottom. In contrast,
most of the cracks on the 6.25% duty cycle sample surface were of a zigzag shape.
In addition, some of the cracks appeared to be automatically arrested during the
propagation process.
Based on Figs. 9.9 and 9.10, it can be concluded that samples produced under lower
duty cycle conditions possess better ductility. It is known from section 9.2 that
electroplating conditions associated with lower duty cycles usually produce refined
grain sizes, and this was thought to be the reason for the ductility improvement.
The influence of grain size on the ductility and the fracture toughness of materials has
been of substantial interest during the past half century. The sequence that occurs
during the ductile fracture process in fracture mechanics as proposed by Landes and
Mccabe [186] is as follows:
• Initially, as the extemalload is applied to a specimen the tensile stresses open up
the crack tip;
• Then the plastic deformation blunts the crack tip resulting in an extended zone
while voids begin to form ahead of the crack tip;
• The extended zone continues to increase and the voids increase in size until the
extended zone reaches a critical value;
• Finally the crack begins to propagate through the linking of voids within the
blunted crack tip.
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(a)
(b)
Fig. 9.10 Higher magnification micrographs of cracked single 3 urn SnCo layer
surfaces produced at 3 A dm -2 average current density, but under different duty cycles
(a-50% duty cycle, b-6.25% duty cycle)
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It is clear that crack initiation in ductile alloys involves (a) the development of a
significant plastic zone ahead of the crack tip, and (b) void nucleation, growth and
coalescence within the plastic zone. The energy expended in these processes largely
governs the magnitude of the fracture toughness. At finer grain sizes the plastic zone
encompasses a greater number of grains which implies that a greater energy input is
needed to overcome the grain boundary resistance to the fracture of the
polycrystalline grains [187]. Due to such excessive energy expenditure, the cracks on
the 6.25% duty cycle sample surface were less wide and visible than the cracks on
50% duty cycle sample surface. As indicated in the micrograph, some of the
microcracks even terminated after a short distance of propagation possibly due to the
loss of energy in passing through grain boundaries.
Pacyna and Mazur [188] and Stonesifer and Amstrong [189] have all proposed a
similar kind of Hall-Petch type dependence of fracture toughness on grain size.
However, their investigations focused more on pure material mechanics and involved
many complicated mathematical parameters, involving plastic zone size and critical
stretch zone width which is beyond the scope of this project.
Fig. 9.11 shows the cracked single 3 urn SnCo layer surfaces after tensile test. The
samples were produced at 3 A dm-2 average current density, but at different
frequencies.
As can be seen in the figure, no significant morphological differences were observed
for samples produced at 20, 40 and 200 Hz. All of them showed a well cracked
surface after elongation. As indicated previously, 20 Hz, 40 Hz and 200 Hz samples
all yielded round shaped grains. Thus it is easy to interpret their similar ductility
behaviour. As to the 4 Hz sample, the irregular grain shape made it difficult to view
crack propagation and therefore it is not easy to identify trends in Fig. 9.11.
Fig. 9.12 shows the enlarged micrographs of samples produced at 4 and 200 Hz.
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Fig. 9.11 Cracked surfaces of single 3 urn SnCo layer produced at 3 Adm -2 average
current density at different frequencies (a-4 Hz, b-20 Hz, c-40 Hz, d-200 Hz)
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Fig. 9.12 Higher magnification micrographs of cracked single 3 urn SnCo layer
surfaces produced at 3 A dm-2 average current density at different frequencies (a-4
Hz, b-20 Hz)
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It is clear from Fig. 9.12 that the cracked surfaces exhibited a completely different
morphology for the 4 Hz frequency sample. As can be seen, the 200 Hz sample
surface was smooth and uniform and the cracks propagated in a relatively straight
line. In contrast, the uniform surface was not evident for the 4 Hz sample and the
cracks progressed randomly. The different morphology after elongation may solely
be due to the influence of grain shape because frequency has little effect on deposit
composition and grain size. As can be seen in Fig. 9.12, cracks usually initiated and
propagated in the 'non-mushroom' or 'small-mushroom' grain areas. Once the crack
approached the large 'mushroom' crystals, the cracks terminated. Such a
phenomenon may indicate a non-uniform ductility distribution across the 4 Hz
sample.
9.4.2 Assessment of single Sn layer ductility
Fig. 9.13 shows the surface morphology comparison of a 3 urn single Sn layer and a 3
um single SnCo layer after the elongation test. The SnCo layer was produced at 3 A
dm-2 average current density, 25% duty cycle and 200 Hz frequency whilst the Sn
layer was produced at 0.5A dm? DC.
Unlike the SnCo layer, no obvious cracks were observed on the single Sn layer
surface after elongation. Higher magnification micrographs further confirmed this.
As can be seen in Fig. 9.14, a nearly crack-free morphology was identified with only
a few tiny narrow pits detected.
It is known, all materials contain some structural flaws. Therefore the initiation of
cracks is sometimes inevitable when a large enough stress is applied. When a tensile
stress is applied to a specimen, the stress is intensified at the flaw, which acts as a
stress raiser. The stress intensity factor K is defined as;
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Fig. 9.13 Surface morphology of single Sn single layer and single SnCo layer after
5% elongation ((a), 3 urn Sn produced at 0.5 Adm-2; (b), 3 urn SnCo, produced at 3'
A dm-2 average current density 20% duty cycle, 200 Hz)
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Fig. 9.14 Higher magnification micrograph of single 3 urn Sn layer produced at 0.5
A dm-2 direct current after 5% elongation
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K == fcr-fi; (9.2)
where,
f= Geometry factor for the specimen and flaw,
a = Applied stress,
a= Flaw size
Tin is a known to be a ductile metal which has a strong ability to deform. The areas
near the tip of the flaw can deform under external stress, causing the tip of any crack
to become blunt, reducing the stress intensity factor, and preventing growth of the
crack [190]. This is the reason why the single Sn layer exhibited a much less cracked
surface than the same thickness single SnCo layer after the elongation.
9.4.3 The influence of thickness on coating ductility
Fig. 9.15 illustrates the surface morphology of a single SnCo layer with different
thicknesses after 5% elongation. The SnCo layer was produced at 3 A dm-2 average
current density, 25% duty cycle and 200 Hz frequency.
It can be seen that the 1 urn sample exhibited a very rough surface although no
visible cracks were detected after elongation. Clear cracks began to appear on the 3
urn thickness sample surface and these cracks propagated in a relatively straight line.
Further increasing coating thickness did not change the crack propagation mode. As
shown, the cracks progressed continuously in a linear mode. However, the cracks
became larger and wider with increase in the coating thickness.
Fig. 9.16 shows the surface morphology of single Sn layer with two different
thicknesses after elongation. The Sn layer was produced at 0.5 A dm-2•
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Fig. 9.15 Surface morphology of single SnCo layers with different thicknesses after
elongation (from a to e, 111m, 311m, 6 11m,12 11m,24 11m).The SnCo layer was
produced at 3 A dm-2 average current density, 25% duty cycle and 200 Hz frequency
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Fig. 9.16 Surface morphology of single Sn layers with different thicknesses after
elongation ((a), 3 um: (b), 18 Jlm).The Sn layer was produced at 0.5 A dm-2•
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As can be seen in Fig. 9.16, both of the samples showed a much improved ductility
compared to the single SnCo layers of similar thickness. Like the single SnCo layer,
the thinner Sn single layer exhibited a better resistance to external loading. A
number of very short cracks can be clearly identified in the 18 urn thickness sample .
micrograph (Fig. 9.16 b). These cracks mainly initiated and propagated in the grain
boundary areas and most of them were terminated shortly after.
The dependence of ductility on overlay thickness may be caused by either or both of
the following reasons;
• Grain size effect
• Internal stress development
As shown in Figs. 9.15 and 9.16, the grain sizes steadily increased with increasing
the coating thickness. This result was in good agreement with the results in Chapter
7. As the thickness of asingle SnCo layer was increased from 1 um to 24 um and a
single Sn layer from 3 urn to 18 um, the grains in the individual layers had more
time to grow, thus the grain size became larger.
The influence of grain size on ductility has already been discussed in Section 9.4.1.
Fine-grained surfaces usually involve .more grain boundaries than large-grained
surface, hence are quite effective for blocking crack propagation. So generally a thin
coating is ductile and thick coatings tend to be brittle.
Another possible reason behind the brittleness of thick coatings are their internal
stress development. The internal stresses were clarified by Fischer [191] as intrinsic
and extrinsic. Intrinsic stresses are said to develop independently of the substrate,
whereas the extrinsic type are due to the interaction of the substrate and the deposit.
The internal stress can be either tensile or compressive where tensile stress has an
·adverse effect on the mechanical properties of a coating.
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It has been continned that many factors have an effect on the internal stress of
electrodeposits, such as substrate, deposit thickness, current density, deposition
temperature and plating solution pH and composition [192-194]. During the current
process all the above conditions were identical except the deposit thickness.
Annyanov and Sotirova [195] established an equation which describes the
relationship between internal stress and coating thickness;
G"= (9.3)
where,
0' = Internal stress,
E =Modulus of elasticity of substrate,
u 0= Poisson's ratio,
do=Thickness of substrate,
d = Thickness of deposit,
A. =Measured elongation of the substrate caused by the stress in the deposit,
L = The length of the substrate
In equation 9.3, E, U 0 and do are system constants. AIL is a system intrinsic strain.
Therefore the internal stress is largely governed by the thickness of the deposit and
the intrinsic strain. Whether the internal tensile stress generally increases depends on
the net result of )JL and d. In other words, the thicker deposit may increase the
internal stress, but may also decrease it. Thus the effect of internal stress is one of
the possible reasons for the brittleness of thick coatings.
However, Fig. 9.17 produces strong evidence of internal stress influence on ductility.
It shows the surface morphology of a single 24 urn SnCo coating before elongation.
The SnCo layer was produced at 3 A dm-2 average current density, 25% duty cycle
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and 200 Hz frequency.
Fig. 9.17 Surface morphology of a single 24 urn SnCo coating before tensile testing.
The SnCo layer was produced at 3 A dm" average current density, 25% duty cycle
and 200 Hz frequency
As can be seen, the grain size was very large and a few microcracks have already
been initiated. Because the sample did not undergo elongation, these microcracks
were mostly likely to be caused by the high internal stress associated with the thick
coating electrodeposition process.
The dependence of fracture on coating thickness has been noted by various
researchers. Gille and Wetzig [196] found that the probability of crack nucleation and
debonding of areas of the coating increased considerably with increase in the coating
thickness. Nairn and Kim [197] developed a new stress analysis of cracked coatings
based on variational mechanics. Their new analysis was used to derive the energy
released due to the formation of a new crack in a coating and at the same time to
predict multiple cracking failures of the coatings applied to substrates. One of the key
predictions based on their mathematical calculation is that thicker coatings will crack
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before thin coatings because the thick coating fails at a lower strain.
9.5 Multilayer ductility assessments
Fig. 9.18 shows a comparison of surface morphologies of multilayer and single Sn
layers before elongation. The multilayer sample was configured as 3 um-J urn with a
total coating thickness at 18 urn. The SnCo layer was produced at 3 A dm" average
current density, 25% duty cycle and 200 Hz frequency whilst the Sn layer was
produced at 0.5 A dm",
As shown, both samples exhibited a similar surface morphology with similar grain
shape and size. However, the surface of the multilayer sample was slightly rougher
than the single Sn layer sample although the top layer of it was also Sn and it had the
same 3 urn thickness. The variation of roughness was thought to be caused by the
different coating thickness. The top Sn sublayer in the multilayer sample was
produced on the previous SnCo sub layer which had a rougher surface than the
substrate beneath the single Sn layer, Cu. This phenomenon has already been
discussed in Section 7.4.1. During the plating process, the 'peaks' and 'valleys' on
the Cu substrate were amplified and therefore the roughness of the previous SnCo
sublayer was much greater than the original Cu substrate surface.
Fig. 9.19 shows the comparison of surface morphologies of a SnCo multilayer and a
single Sn layer after elongation. The multilayer sample was configured as 3 urn-J um
with a total thickness 18 urn. The SnCo layer was produced at 3 A dm-2 average
current density,' 25% duty cycle and 200 Hz frequency whilst the Sn layer was
produced at 0.5 A dm-2• Both of the samples did not undergo any heat treatment.
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Fig. 9.l8 Comparison of surface morphologies of multilayer and single Sn layer
before elongation. ((a), single 3 urn Sn layer; (b), 3 um-J urn configured multilayer)
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Fig. 9.19 Comparison of surface morphologies of multilayer and single Sn layers
after elongation and before heat treatment ((a), single 3 urn Sn layer; (b), 3~m-3 urn
multilayer). The SnCo layer was produced at 3 A dm-2 average current density, 25%
duty cycle and 200 Hz frequency whilst the Sn layer was produced at 0.5 A dm".
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As can be seen in Fig. 9.19, there were no visible cracks on the single Sn layer
surface after elongation. In contrast, cracks appeared on the multilayer sample
surface under the same elongation condition, although in some cases only isolated
voids were detected.
As mentioned above, the top layer of the multilayer sample was Sn which had the
same thickness compared to the single Sn layer. In addition, the grain shape and
grain size were also similar. The only difference was their surface roughness, which
can be seen in Fig. 9.18. Therefore, the variation in ductility may contribute to the
roughness. During the elongation, the 'asperities' and 'valleys' in the electrodeposit
relief acted as the initiation site of microcracks, therefore the rougher the overlay
surface, the more and the larger the geometrical flaws and microflaws on it, and the
easier the formation of microcracks [120]. Zielecki and Sulima et al. [121, 198]
reported that by reducing surface roughness, it is possible to obtain significant
improvements in fatigue strength.
The effect of surface roughness on fatigue cracks has been taken into account in
engineering mathematical calculations by the introduction of a stress concentration
coefficient. The higher the stress concentration coefficient, the easier the fatigue
cracks can occur. For tensile and compressive stresses, the formula used is given
below [121, 198],
a=1+2~<' (9.4)
where,
a =Coefficient of stress concentration,
'Y = Load coefficient,
r =Mean radius of recess curvature of roughness profile
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Shiue, et al also calculated a relationship between the fracture toughness and coating
roughness [199]. It is known, in fracture mechanics, a surface flaw with length f
locally amplifies the applied stress, 0', producing a stress intensity factor, k, given by
K = fa.[i; (9.5)
where,
f = Geometry factor for the specimen and flaw (Roughness),
0' = Applied stress,
a= Flaw size
When the stress intensity factor, K, exceeds a critical value, Kc, the crack grows and
failure may occur. It is thought that a rough surface usually creates a large surface
crack length. Hence, the geometry factor for the specimen and flaw given in the
previous equation can be replaced by the coating roughness. Therefore, rougher
surfaces are associated with larger stress intensity factors which finally lead to a
favourable occurrence of surface cracks.
Fig. 9.20 shows the cross-section of a multilayer sample after elongation. The
multilayer sample was configured as 3 um-J urn with a total thickness of 18 um. The
SnCo layer was produced with a 3 A dm-2 average current density, 20% duty cycle
and 200 Hz conditions whilst the Sn layer was electroplated at 0.5 A dm-2• The
sample did not undergo heat treatment.
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Fig. 9.20 Cross-section of multilayer sample after tensile test (3 urn-S urn
configuration with total thickness 18 urn). The SnCo layer was produced under a 3 A
dm-2 average current density, 20% duty cycle and 200 Hz conditions whil~t the Sn
layer was electroplated at 0.5 A dm-2•
It can be seen that some cracks were present in the single SnCo layer. However, all
of these cracks were arrested once they reached the Sn-SnCo interface. No cracks
were identified penetrating into the single Sn layer and at the same time, no change
of crack direction of propagation along the interface was found. It indicated that the
good adhesion between the overlay and substrate and between the layers was
achieved as long as heat treatment was excluded.
According to Section 9.2.3.2, the pure Sn layer exhibited a very ductile behaviour
under external force. At the same time, SnCo was much more brittle than Sn. When
laminated into a multilayer, the samples showed an improved ductility over the single
SnCo layer. As can been seen in Fig. 9.20, the integrity of the multilayer overlay was
preserved although the single SnCo sub layer failed at an early stage. This much
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improved ductility of the multilayer was due to the barrier effect of the ductile-brittle
interfaces which eventually blocked the propagation of the cracks. Therefore cracks
initiated in the brittle SnCo sublayers cannot pass across the interfaces. Instead, the
SnCo sub layer cracks became arrested by the interfaces. Further extension of the
sample will cause additional cracks in the SnCo sub layer or the delamination of it
depending on which occurs most easily, until the critical toughness of Sn sublayer is
reached. If the coating cracks continue to be initiated and arrested in the brittle SnCo
sublayer, the result is multiple cracks, as shown in Fig. 9.20, occurring in the SnCo
sublayer.
Wang and Singh [135] demonstrated that lamination was regarded as a promising
method to improve the mechanical properties of coatings. Being laminated, the
multilayer composite usually exhibits better mechanical properties, such as yield
strength, ultimate tensile strength and fracture toughness when compared to their
individual component coatings. They concluded the toughening mechanism as
1) Primary crack deflection along the brittle-ductile interface, or
2) Multiple cracking in the brittle layers of a well bonded multilayer where ductile
metal layers bridge the cracks and maintain the integrity of the composite.
The latter mechanism is in good agreement with the present results.
Fig. 9.21 shows the surface morphology of 100 hours heat treated (150°C)
multilayer samples after elongation. The multilayer samples were configured as 3
11m-311m with a total thickness of 18 um. The SnCo layer was produced with an
average current density of 3 A dm-2 at 200 Hz but varied duty cycles conditions were
employed whilst Sn layer was electroplated at current density 0.5 Adm',
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(e)
Fig. 9.21 Surface morphology of 100 hours heat treated at 150°C multilayer samples
after elongation. The multilayer sample was configured as 3 11m-311mwith a total
thickness 18 11m.The Sneo layer was produced at 3 A dm-2 average current density,
but under different duty cycles, whilst the Sn layer was electroplated at 0.5 A dm-2.
(From a to e, 50%, 33.3%,20%,10%, and 6.25% duty cycles).
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As can be seen, voids no longer existed on the multilayer sample surfaces after heat
treatment. Instead, real cracks formed and subsequently propagated. The appearance
of cracks indicated inferior ductility comparing to the as-plated counterpart. Apart
from this, no noticeable differences were noted for these samples produced at
different duty cycles after 100 hours heat treatment at 150°C. As shown in the figure,
the size and growth mode of cracks were similar. They propagated neither in a
straight line nor in an obvious zigzag.
Fig. 9.22 compares the surface morphologies of four different samples after
elongation. The sample configurations are as follows:
Sample Layer
Thickness Heat treatment
No configuration
a Single SnCo No
b single Sn No
multilayer
18 11m(3 um-J
Noc
11m)
d multilayer
18 11m(3 urn-J
Yes
11m)
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(a)
(b)
(c)
(d)
Fig. 9.22 Surface morphology of four different samples after elongation.(from a to d,
single 3 urn SnCo layer without heat treatment, single 3 urn Sn layer without heat
treatment, 18 urn multilayer without heat treatment, 18 urn multilayer with heat
treatment at 150°C)
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Comparing the surfaces of samples b c and d (the surfaces of b,·c and d were all
single 3 urn Sn layers), it is clear that b exhibited the best surface without visible
cracks whilst the surface of d was the worst in term of poor ductility. The difference
between b and c was thought to be caused by the surface roughness effect which has
already been discussed previously. However, the roughness of c and d, as shown in
Figure 9.22, is quite similar as both of them show top Sn sublayers of a multilayer
sample and were produced above a SnCo sublayer. Therefore the roughness can no
longer explain their difference in ductility. The only difference between c and d was
their post treatment, as d underwent 100 hours heat treatment at 150°C whilst chad
none. As discussed in Chapter 8, the layered structure usually disappeared after 50
hours heat treatment at 150°C and cobalt gradually homogenised all over the
overlay at this stage. Therefore, the top layer of sample c was pure Sn whilst sample
d, on the other hand, represented a mixture of Sn and SnCo intermetallic compound.
Therefore sample c, when subjected to the external stress, still exhibited the natural
ductile nature of Sn although it was worse than that of the single Sn layer due to the
surface roughness effect. On the other hand, the behaviour of sample d during the
elongation began to show some similarities to the more brittle SnCo. However, part
of the original ductility was preserved due to the existence of Sn.
Fig. 9.23 shows the cross-section profile of a heat treated multilayer sample after
elongation. The multilayer sample was configured as 3 J.lm-3urn with total thickness
of 18 um. The SnCo layer was produced with a 3 A dm-2 average current density,
20% duty cycle and 200 Hz conditions whilst the Sn layer was electroplated at 0.5 A
dm-2 direct current.
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fFig. 9.23 Cross-section of 100 hours heat treated at 150 DC multilayer sample after
elongation. The specimen had a 3 urn-S urn configuration with a total thickness 18
. 11m.A, Band C represent substrate, overlay and intermetallic areas respectively. The
SnCo layer was produced with a 3 A dm-2 average current density, 20% duty cycle
and 200 Hz conditions whilst the Sn layer was electroplated at 0.5 A dm-2•
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It is clear from Fig. 9.23 that after 100 hours heat treatment at 150 "C, the elemental
composition has been homogenised and the initial layered structure no longer existed.
There were three distinct layers from the top to bottom, namely, substrate,
intermetallic compound and overlay. The cracks were only detected inside the
intermetallic zone and no obvious microstructural changes can be observed in the
overlay after elongation, apart from the disappearance of its original layered
structure.
The visual crack-free phenomenon of the overlay may be caused by the improved
ductility compared to the single SnCo layer after heat treatment. As can be seen in
Fig. 9.20, the cracks were usually initiated in the single Sneo sublayer due to the
more brittle nature of the SrrCo intermetallic compound. These cracks, however,
.were blocked and arrested subsequently by the interfaces between the Sn sublayer
and Sneo sublayer. Therefore the integrity of the overlay was retained although a
large number of cracks were present inside the individual Sneo sublayer. After
annealing, the layered structure was completely removed and cobalt homogenised all
over the overlay. At this point the overlay comprised of both SrrCo intermetallic
compound and atomic Sn. As already shown in Fig. 9.22 (d), the ductility of such a
mixture was better than the single SnCo layer in Fig. 9.20 (a) although it was still
inferior to a pure single Sn layer of Fig. 9.20 (b).
After elongation, such a mixture was still capable of preventing large cracks
initiating and propagating through the overlay although some tiny cracks may have
been formed. Therefore the integrity of the coating was preserved as can be seen in
Fig. 9.23.
However, the intermetallic compound formed between Sn and Cu had a detrimental
effect on the bearing system. As shown in the figure, very long cracks parallel to the
substrate-overlay interface were observed which indicated that the Sn-Cu
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intennetallic compounds were very brittle and cracked easily under the external
force. The brittle nature of CuSn intermetallic compounds has been described by
Jordan [169]. Furthermore, such a crack propagation mode was particularly
undesirable because of the possible delamination between overlay and substrate.
Thus a diffusion barrier layer was needed to improve the ductility of the present
bearing system.
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CHAPTER 10
CONCLUSIONS
10.1 Electrodeposition investigations and bath scaling-up.
• In the quiescent solutions, the pure Sn layer can only be produced at 0.5 A
dm-2 or below. Any current densities higher than 0.5 A dm-2 co-deposited a
certain level of Co. At the same time the desired SnCo alloy layer can't be
produced using direct current. Therefore a pulse current was introduced.
• During the pulse plating investigation, a 25% duty cycle/200Hz frequency
criterion was confirmed to be the best condition for SnCo layer production
from the electrochemical point of view. The coatings produced under this
condition possessed good surface appearance and desired composition.
• Using the sparging agitation system, which was recommended by Dana
Glacier Vandervell Ltd, the DC current density for pure Sn layer deposition
was increased to 2 A dm", However, this improvement was achieved at the
expense of cathode current efficiency which dropped down from
approximately 90% to 65%.
• At the same time, a mild agitation level (4 L min-I) did not change the single
SnCo layer composition appreciably which suggested that the initial low
cathode current efficiency of pulse current process could be improved
without the loss of desired composition. However, due to the time limitation,
further investigations were not carried out.
• Compositionally modulated SnCo alloy coatings produced from the agitated
25 L baths did not exhibit any noticeable differences to those produced from
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1 L and 5 L baths. All of baths produced electrodeposits which exhibited
good layered structures with clear interfaces and uniform surfaces.
• Mild steel sheet proved to be an inappropriate material as a substrate for the
production of compositional modulated Sneo alloy coatings. This was
because it promoted microcracks in the electrodeposits in the early stage of
the electroplating process.
• The investigated Sneo solution exhibited a rapid aging (oxidation) problem
and no satisfactory coatings could be produced after about 14 days. This
could be even worse in industrial practice as the inhalation of air is far more
serious during the daily mass production using the sparging agitation system
which further accelerates the oxidation. Therefore regular replenishment of
Sn2+ and regular tank cleaning are required.
• Due to the presence of Tween 20, the concentration of anti-oxidation agent,
resorcinol, was limited to 0.5 g L-1, which did not significantly improve the
Sneo solution anti-oxidation performance. Further increasing the
concentration of resorcinol resulted in a cloudy solution at working
temperature.
10.2 Compositionally modulated SnCo alloy overlay interdiffusion
examinations
• The diffusion between compositionally modulated Sneo alloy coating and
copper/bronze substrate was very rapid at 150 De, particularly in the early
stages of heat treatment. The intermetallic compound formed occupied about
half the original thickness (around 15 urn) only after 400 hours. Two
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intermetallic compounds were detected, which were confirmed to be CU3Sn
and Cll6Sns respectively.
• Kirkendall voids were observed between the overlay and substrate which
confirmed the vacancy diffusion of the system. Sn proved to be the more
mobile element in the Sn-Cu diffusing couple as many of the Kirkendall
voids were located on overlay side of the system.
• It has been confirmed that the single SnCo layer was immune to diffusion at
150°C. This was caused by the lack of atomic Sn in the structure which was
confirmed by the XRD analysis. These investigations also confirmed that the
electroplated SnCo layer contains a metastable phase and this transformed to
CoSn2 after heat treatment. CoSn2 was further transformed to CoSn3 at
150°C when the single SnCo layer was laminated with a single Sn layer to
form a compositionally modulated alloy coating.
• When a 5urn electrodeposited Ni barrier layer was applied, diffusion between
the overlay and substrate was impeded.
10.3 Compositionally modulated SnCo alloy overlay mechanical
property assessments before and after heat treatment.
• Duty cycle, an important parameter in the pulse plating process, had a close
relationship with the grain size of the single SnCo layer. Decreasing the duty
cycle refined the grain size.
• The hardness of the single SnCo layer exhibited a large improvement from
60 HV to 270 HV when the duty cycle decreased from 50% to 33.3%.
Further decrease of the duty cycle from 25% to 10% reduced the hardness
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values to around 200 HV. The initial large improvement in hardness was
initiated by the co-deposition of Co and the subsequent decrease was thought
to be caused by the inverse Hall-Petch relationship.
• The coatings produced at lower duty cycles, for example, 10% and 6.25%,
exhibited better ductility as the grain boundaries blocked the propagation of
dislocations as well as microcracks.
• Another important pulse plating parameter, frequency, had little influence on
the grain size and composition when varying from 200 Hz to 4 Hz; therefore
the hardness and ductility were evidentially unaffected (the hardness stayed
at around 270 HV).
• The ductility of coatings also depended on their thickness and surface
roughness and it was confirmed that the thinner and smoother coatings
generally possessed better ductility.
• The compositionally modulated SnCo alloy coating exhibited excellent
ductility as the Sn-SnCo interfaces blocked the propagation of microcracks.
Therefore the original integrity of the coatings was preserved. However,
when the bearing was operated at a higher temperature, the layered structure
soon disappeared and the original excellent ductility was weakened.
• The hardness of the heat treated compositionally modulated SnCo alloy
coatings was not stable, ranging from about 30 HV to 180 HV. The uneven
hardness distribution was thought to be caused by the overlay microstructral
transformation from a layered structure to a mixture of soft Sn and hard
SnCo intermetallic compounds.
240
CHAPTER 11
FURTHER WORK
• The cathode current efficiency eCCE) of the pulse current process was very
low and effort has been made to improve this value by introducing agitation
into the bath. It has been shown that the agitation did not deteriorate the
original alloy composition but further investigations need to be carried out to
verify the CCE improvement.
• It has been proven that resorcinol, the most commonly used anti-oxidation
agent in tin electroplating, is not appropriate in the present SnCo solution.
Other anti-oxidation agents should be tried to combat the rapid solution aging
problem.
• Nickel has been reported as a potential allergen and carcinogen source which
has caused concerns for some surface finishers. Therefore an alternative
barrier layer should be developed in preparation for the future EU/world
legislation. Cobalt and silver have been mentioned in the literature and could
be tried as the replacements.
• The bearing material performance in real engines not only depends on fatigue
strength, but also other properties, for example, wear resistance, seizure
resistance, engine oil corrosion and cavitation resistance, etc. All of these
properties can only be assessed on special designed engine testing equipment.
Due to commercial reasons, these tests were not carried out in this project
therefore future focus should be turned to measure the above mentioned
properties to fully assess the material.
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